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ABSTRACT
For the past 40 years, optical lithography has been the patterning workhorse for the 
semiconductor industry. However, as integrated circuits have become more and more 
complex, and as device geometries shrink, more innovative methods are required to  meet 
these needs. In the far-field, the smallest feature th a t can be generated with light is 
limited to approximately half the wavelength. This so-called far-field diffraction limit 
or the Abbe limit (after Prof. E rnst Abbe who first recognized this) effectively prevents 
the use of long-wavelength photons (>300nm) from patterning nanostructures (<100nm). 
Even with a 193nm laser source and extremely complicated processing, patterns below 
~  20nm are incredibly challenging to  create. Sources with even shorter wavelengths can 
potentially be used. However, these tend to  be much more expensive and of much lower 
brightness, which in tu rn  limits their patterning speed. M ulti-photon reactions have been 
proposed to  overcome the diffraction limit. However, these require very large intensities for 
modest gain in resolution. Moreover, the large intensities make it difficult to parallelize, 
thus limiting the patterning speed. In this dissertation, a novel nanopatterning technique 
using wavelength-selective small molecules th a t undergo single-photon reactions, enabling 
rapid top-down nanopatterning over large areas at low-light intensities, thereby allowing 
for the circumvention of the far-field diffraction barrier, is developed and experimentally 
verified. This approach, which I refer to  as Pattern ing via Optical Saturable Transitions 
(POST) has the potential for massive parallelism, enabling the creation of nanostructures 
and devices at a speed far surpassing what is currently possible with conventional optical 
lithographic techniques. The fundamental understanding of this technique goes beyond 
optical lithography in the semiconductor industry and is applicable to  any area th a t requires 
the rapid patterning of large-area two- or three-dimensional complex geometries. At a basic 
level, this research intertwines the fields of electrochemistry, material science, electrical 
engineering, optics, physics, and mechanical engineering with the goal of developing a novel 
super-resolution lithographic technique.
To my Bukes
“Strive for excellence, encourage communication across borders, and ignore 
the political boundaries th a t otherwise separate us”
-  Jesse Owens
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The pulse of the semiconductor industry for the past 40 years has been governed by 
Moore’s law. Moore’s law is an observation made by Gordon Moore, co-founder of the 
Intel Corp., in 1965, in which he predicted th a t the number of transistors tha t could fit 
on a microchip would double every two years, Figure 1.1. So essentially every two years 
computers would become twice as powerful. For the past 40 years, this has been fairly 
accurate, but for the past 10 years, we have fallen behind this exponential growth tha t 
Moore predicted. The current microchips have about 1 billion transistors, but if we were 
keeping up with Moore’s law we would be up to  4-5 billion transistors by today. To address 
this decline in exponential growth, new advancements in lithography must be made to 
pattern  at scales from micrometers down to nanometers. However, this persistent growth 
in computing power has led to  increase cost and complexity of the techniques used to  pattern  
at these scales.
This dissertation describes and demonstrates an alternative optical lithographic tech­
nique th a t achieves deep sub-wavelength resolution using novel photo-switchable molecules. 
This approach has the potential to enable optical nanopatterning (<10nm) over large areas 
(hundreds of cm2).
1.2 Optical Projection Lithography
The semiconductor industry applies pattern  replication via optical-projection lithogra­
phy, or OPL, to  create nanostructures th a t form the basis of integrated circuits, which in 
tu rn  drive all of modern electronics, Figure 1.2. OPL uses a photomask, Figure 1.3, which 
is a glass substrate th a t contains a scaled-up version of the desired pattern. This pattern  is 
imaged with 4X demagnification using a complex optical system onto a silicon wafer. The 
image is recorded in a photoresist th a t coats the wafer surface. The wafer is scanned at high 
speed and this image is reproduced at staggered locations (referred to as fields or dies) on
2the wafer. Typical silicon wafers in manufacturing are 300mm in diameter, while the field 
size is ~  32mm X 24mm. The field is limited by the flatness of the surface of the wafer. For 
accurate lithography, this surface has to  be flat to a small fraction of the depth-of-focus of the 
imaging system, typically a few hundred nanometers. OPL is ubiquitous in semiconductor 
manufacturing primarily due to  its high speed. It is not unheard of for OPL tools to  print 
two hundred 300mm-wafers per hour, i.e., one 300mm-wafer is printed in ~  18 seconds! 
Such tools are among the most complex manufacturing machines ever built by humans and 
can cost in excess of $40M each, Figure 1.4.
Incidentally, each photomask has to be patterned via a pattern-generation process. 
Suffice it to  say, the photomask can take several weeks if not months to  generate, and 
can itself cost in excess of $50K. Up to 30 different photomasks are typically required to 
create a single integrated circuit device. One can see th a t the cost of m anufacturing at the 
nanoscale adds up very quickly. It is difficult to  justify these costs unless they are amortized 
over a large number of products (as is the case for memory chips and microprocessors). 
Unfortunately, in almost all growing industries the product volumes do not exist to  justify 
these m anufacturing techniques. In addition, since the pattern  on the photomask is fixed, 
OPL is extremely inflexible and is not easily amenable to  experimentation. For instance, if 
one wants to  change the geometry to  study potential improvement in device performance, a 
new photomask th a t could cost over $50K would have to be ordered. Finally, OPL is highly 
optimized for rectilinear structures. It is not suitable for printing more complex geometries 
such as those employed in Figure 1.5. The pattern  on the photomask is generated primarily 
via scanning-electron beam lithography (SEBL). SEBL employs a tightly focused beam of 
electrons th a t are then scanned over an electron-sensitive resist th a t coats the substrate, 
Figure 1.6. At high energies (over 30keV typically), the electrons can be focused to spots of 
less than 10nm full-width-at-half-maximum (FWHM). Thereby high-resolution patterns can 
be generated, Figure 1.7. The main drawbacks of SEBL are: (1) it is agonizingly slow due 
to  its inherent serial nature, (2) pattern-placem ent and overlay accuracies are significantly 
worse than  the resolution, since electrons are easily affected by stray electromagnetic and 
electrostatic fields as well as tem perature and other environmental variations, Figure 1.8, 
and (3) it requires ultra-high vacuum and high-voltage electronics as well as low noise am­
plifiers, all of which add to  their cost and complexity. O ther pattern-generation technologies 
based on charged particles such as ion beams share these same disadvantages.
Photons, on the contrary, can create patterns extremely fast. However, they suffer from 
the far-field diffraction lim it,1 and hence, are limited to  features th a t are larger than  about
3one-half the wavelength, Figure 1.9. Yet, efforts to address this diffraction limit have been 
largely based on nonlinear processes such as m ulti-photon absorption.2-4
Current photolithography is generally performed with projection printing utilizing ul­
traviolet (UV) light. In projection printing, light passes through a reticle or mask and is 
focused on the wafer through a 4:1 reduction lens system (Figure 1.2). The wavelength of 
light utilized is critical as shorter wavelengths of light allow smaller features to  be printed. 
The direct proportionality of this relationship is described by the minimum resolvable spatial 
period (Equation 1.1).
Pmin =  2 N A  (1.1)
O ther factors governing the minimum feature resolution are the numerical aperture 
(NA) of the lens. This relationship has led photolithographers to  drive toward the use of 
ever shorter wavelengths of light and even higher numerical aperture for the production of 
transistors.
1.3 Alternative Lithographic Approaches
Several techniques such as photo-induced deactivation (RAPID) lithography, 4 M ultipho­
ton Absorption Polym erization,3 and Two-Photon Continous Flow lithography (T P-C FL )2 
have been proposed to  circumvent this far-field diffraction limit. The first two of these 
suffer from poor image contrast and require high light intensities, which limit their po­
tential for parallelizability and high throughput. TP-CFL still suffers from fabrication of 
large-volume structures with high throughput. The last approach AM OL5 is the predecessor 
to  the proposed approach of this dissertation, Pattern ing via Optical Saturable Transitions 
(PO ST).6-10 AMOL utilizes photochromic molecules th a t can be optically switched between 
two thermally stable states, one opaque and the other transparent. W hen a layer of this 
m aterial is exposed to a focused bright spot at A1 (the wavelength th a t converts from 
the opaque to  the transparent form) and simultaneously to a focused node at A2 (the 
wavelength th a t reverses the transform ation), the ensuing photochemical equilibrium results 
in a sub-wavelength transparent region in the vicinity of the node, Figure 1.10. The focal 
ring at A2 is in direct competition with the round spot at A1, and this creates a localized 
sub-wavelength aperture. Light at A1 penetrates through this aperture, forming a nanoscale 
probe. The lateral size of this probe is not limited by diffraction, but by m aterial parameters 
and the ratio of the intensities at the two wavelengths. In other words, optical near-fields
4are generated from afar. However, AMOL is limited to  surface (2-D) patterning and in its 
current implementation, also suffers from the requirement of high light intensities.5
1.4 Dissertation Outline
A fundamental problem addressed in this dissertation is the dem onstration of decisively 
circumventing the diffraction barrier in optical nanopatterning at low light intensities, 
something th a t was considered impossible only a few years ago. The innovativeness of 
this idea is th a t it is aimed at developing a novel, scalable, cost-effective super-resolution 
photolithography technique for nanofabrication, by dem onstrating a new scaling law.
In this dissertation, the concept of patterning via optical saturable transitions (POST) 
is described, and experimentally verified. In Chapter 1, the motivation of this dissertation 
is alluded, the current industry optical lithographic technique and alternative lithographic 
approaches are discussed and summarized. In Chapter 2, the principle of a super-resolution 
microscopy technique, Stimulated Emission Depletion (STED), which is the analogue of 
AMOL and POST, is described. Absorbance M odulation Optical Lithography (AMOL) is 
described in further detail. The photochemistry of the organic photochrome, BTE, used in 
both AMOL and PO ST is described as well as the advantages of the PO ST technique. In 
Chapter 3, the principle of interference lithography is explained and the types of laser inter­
ferometers used in this dissertation are discussed. In Chapter 4, the design and fabrication 
of a custom high vacuum therm al evaporator which is employed for the preparation of the 
thin-films in my studies is illustrated. The chapter includes the details of the preparation 
of the samples and also the characterization of the thin  film samples under investigation. 
In Chapter 5, the electrochemical locking step is discussed and the experimental setup is 
illustrated along with the UV-Vis spectrophotometer used for the optical characterization. 
In Chapter 6, we characterized a photochromic molecule, compound 1, as a resist material 
for optical nanopatterning. We have shown tha t the molecule can be used as both a 
negative-tone or positive-tone resist with the appropriate choice of developer. In Chapter 
7, we introduce a new locking step for POST, which I call selective dissolution of one 
photoisomer. In Chapter 8, a review and simple simulation model for PO ST is presented. 
In Chapter 9, a detailed protocol for PO ST fabrication and characterization is presented and 
described. And finally in Chapter 10, A new nanopatterning technique is introduced and 
discussed th a t exploits the extreme precision th a t is now available in mechanical translation, 
which I call NanoResolution via NanoTranslation (NRNT).
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F ig u re  1.2: Optical projection lithography system.
6F ig u re  1.3: Semiconductor Photomask. [Image attribu ted  to  Pellden under the Creative 
Commons Attribution-Share Alike 3.0 U nported License.]
F ig u re  1.4: Industry OPL system for chip production. The bright area in the center of 
the machine represents the optical projection lense. [Image courtesy of ASML]
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F ig u re  1.6: Scanning Electron Beam Lithography system
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F ig u re  1.7: SEBL images. (a) Nano guitar. [Image credit to D. Carr & H. Craighead]. 
(b)Fabricated split-ring resonators (SRRs) - plasmonic nanostructures. [Image courtesy of 




F ig u re  1.8: Localized charging of GaN substrate. (a) Less conductive GaN substrate 10^m 
square box in the upper left has the lowest dose and the lower right box has the highest 
dose. (b) Identical pattern  as in (a), now with ~  10nm of conductive layer of aluminum 




F ig u re  1.10: Absorbance M odulation Optical Lithography (AMOL)
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CHAPTER 2
BACKGROUND  
2.1 Stimulated Emmission Depletion (STED) Microscopy
In the early 1990s, the German physicist and most recently, 2014 Nobel Prize win­
ner in Chemistry, Stefan W. Hell, developed the super-resolution microscopy technique, 
stimulated emission depletion (STED). Fluorescence microscopy is the most widely used 
imaging modality in biological research as cellular environments are crowded, highly packed 
environments, so for the ability to see the interactions between molecules and cells, one 
would need a resolution at the cellular scale; this is where STED microscopy comes in. The 
resolution of a light microscope is fundamentally limited by diffraction to  about 200nm .1 
So if you have two features th a t are residing at a closer distance than  200nm (1/2 the 
wavelength of light), as is the case in biological environments, then it is not possible to 
distinguish the two. Two features of the same kind, in order to  be separated by the a light 
microscope, have to  be further away from each other, by more than  the distance, d, given 
by the wavelength of light, A, divided by twice the numerical aperture of the objective lens. 
And this value amounts to  at least 200nm. This is why for over a century, biologists thought 
th a t it would be impossible to  see single molecules with a light microscope.
However, in recent years, STED microscopy has made dram atic resolution progress. 
This technique has dem onstrated measured point-spread functions of 5.8nm in w idth .2 
In a typical STED microscope, the phenomenon works by the nonlinear, spatially mod­
ulated de-excitation of fluorophores to  quench fluorescence of the fluorophores to  areas 
or volumes smaller than  the diffraction limit. A collimated excitation beam is focused 
to  a point by an objective lens to  achieve an approximately Gaussian, diffraction-limited 
point-spread-function (PSF) in the sample plane. A red-shifted in wavelength, STED 
beam, is modified with a phase plate to create a donut-shaped spot with a null in the 
center and is then combined with the excitation beam to  create two collinear beams. This 
STED beam causes the fluorophores on the periphery of the beam to quench. As the 
intensity of the STED beam is increased relative to  the excitation beam, the spot size
13
at the focus is squeezed down to  an area or volume much smaller than  the diffraction 
limit, Figure 2.1. Hell suggested th a t one could take this idea and apply it to  optical 
lithography.3,4 The m ajor differences between the concept of STED in microscopy and its 
use in lithography is the use of photochromes instead of fluorophores and the need for a 
locking mechanism. Previously, our group has applied the basic STED concept in reverse, 
to  achieve super-resolved features in conventional photoresist. This technique, which we 
call Absorbance M odulation Optical Lithography,5 is, however, limited to surface (2-D) 
patterning in its current implementation and suffers from the requirement of high light 
intensities. To overcome these disadvantages of AMOL, we have invented a new m ethod 
of nanoscale fabrication th a t addresses the limitations of AMOL. This method, which we 
call Pattern ing via Optical Saturable Transitions (PO ST ),6-10 uses specific combinations 
of chemical species th a t enable nanopatterning, which makes use of spectrally selective 
reversible and irreversible transitions enabled by chemistry. So we are able to  circumvent 
the diffraction barrier in optical lithography by exploiting chemistry rather than  wavelength.
2.2 Diarylethene Photochromic Molecule
In the late 19th century, organic photochromes where first observed. 11 Photochromism 
can be defined as a reversible photo-induced transform ation between two isomeric states. 
Among the many photochromic molecules, a diarylethene derivative serves as the candidate 
photochrome in this dissertation. It is appealing due to  its resistance to  photo-fatigue, 
therm al irreversibility, and its high photo-reactivity. As shown in Scheme 2.1, the candi­
date diarylethene derivative, 1,2-bis(5,5-dimethyl-2,2-bithiophen-yl) perfluorocyclopent-1- 
ene, known colloquially as BTE, has two isomeric states, the closed-ring isomer, 1c, and the 
open-ring isomer, 1o. Irradiation of 1o with UV light (Ai) results in a photoisomerisation 
th a t transitions to  1c. The reverse reaction is done by irradiation of 1c with longer 
wavelength visible light (A2).
In an optical lithographic scheme it is most desirable to  have high selectivity between 
each form of the isomers, meaning the UV-Vis absorption spectra of the photochrome should 
have as large as possible separation bands. Figure 2.2 (a,b) shows the absorption spectra 
of the thin-film BTE and BTE in hexane solution. The absorption peak of the open-ring 
isomer, 1o, is at 325nm. The closed-ring isomer, 1c, has the peak absorption at 633nm.
2.3 Patterning via Optical Saturable Transitions (POST)
The objective of this dissertation is to  develop a novel nanopatterning technique using 
wavelength-selective small molecules th a t undergo single-photon reactions, enabling rapid
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top-down nanopatterning over large areas at low light intensities, thereby allowing for 
the circumvention of the far-field diffraction barrier. This alternative optical lithographic 
approach exploits unique combinations of spectrally selective reversible and irreversible 
photochemical transitions to  achieve deep subwavelength resolution with potential extension 
to  3-dimensions. The idea is to record the nanoscale pattern  in an ultra-thin  or monolayer 
film comprised of photochromic molecules. For simplicity, an A , B , C scheme is used to 
explain the technique, as indicated by Figure 2.3. These molecules undergo photoswitching 
between two isomeric forms, A  and B. W hen isomer A  absorbs a photon of wavelength 
Ai, it turns into isomer B. W hen B absorbs photon of wavelength A2, it turns back to
A. In addition, we engineer the molecules such th a t B  can be selectively converted in an 
irreversible m anner to  form C via a locking step. This can be achieved in several ways, 
including using a photochemical reaction, electrochemical oxidation, chemical oxidation, or 
isomer-selective dissolution.
The sequence of steps th a t allows for sub-diffraction-limited patterning is further il­
lustrated in Figure 2.4 in one-dimension for simplicity. In this example, I begin in step 
1 with a substrate th a t is coated with the material all in form B . In step 2, this film 
is exposed to a standing wave at A2, which results in interspersed regions of B and A. 
In step 3, the substrate is moved relative to  the illumination by A 1 and the exposure 
is repeated. The binary (highly nonlinear) nature of the switching process ensures tha t 
sub-diffraction-limited regions of B interspersed in A  are formed. The width of the B 
region is approximately given by P /2  -  A i in this example, where P  is the period of 
the standing wave. In step 4, the locking mechanism is invoked to  convert all B regions 
irreversibly to  C. In step 5, a uniform exposure to  Ai converts all m aterial (except those 
th a t are locked into C) back into form B . In step 6, the sample is displaced relative to 
the illumination so as to  convert regions surrounding C back to  A. In step 7, the sample 
is displaced relative to  the illumination by A 2 and the exposure is repeated. Note tha t 
as a result, a small region of B is placed next to  the first C  region with a spacing tha t 
is determined primarily by the difference between the displacements A i and A 2 . Since 
mechanical displacement can be far more accurate and precise compared to  the diffraction 
limit, sub-diffraction-limited patterning is achieved. In step 8, regions in B are locked to 
C. The steps 6-8 are repeated until the desired pattern  geometry is achieved. Finally, the 
regions in C could be dissolved away, resulting in topographical patterns.
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2.4 The Locking Step
In conventional lithography, an image is perm anently impressed into a recording medium, 
typically photoresist. In the technique to  be described here, an image is recorded into a 
recording medium, a photochrome, bu t it is not perm anent as the image can be erased. 
To make the image perm anent, a locking step is necessary. One of the main challenges 
of this technique is the mechanism for locking. I have experimentally dem onstrated two 
methods to  achieve this. The first approach is based upon electrochemical oxidation of the 
closed-ring isomer, 1c, of BTE, Figure 2.5. The alternative approach to  electrochemical 
locking is by simply dissolving away one of the isomers selectively. Empirically, I discovered 
th a t ethylene glycol is able to  selectively dissolve the closed-ring isomer, 1c, at a much faster 
rate as compared to the open-ring isomer, 1o. As illustrated in Figure 2.6, we can then 
simply dissolve away 1c to  lock the pattern  in place. My experiments suggest a dissolution 
selectivity of greater than 20:1, Figure 2.7. I also performed careful Density Functional 
Theory (DFT) simulations to  prove th a t the selective solubility can be explained by the 
increased dipole moment of 1c compared to  1o, Figure 2.8.
The closed-ring isomer, 1c, has an extended conjugation of its n-electron cloud, which 
allows for 1c to  have a lower oxidation potential than the open-ring isom er.12 Therefore, my 
locking mechanisms rely on the selective oxidation or dissolution of the closed-ring isomer.
2.4.1 E lectrochem ical O xidation
The electrochemical oxidation locking step is achieved by electrochemically oxidizing the 
closed-ring isomer, 1c, into a stable cation. This product cation is preferentially soluble in 
a polar solvent compared to  the unoxidized isomers. Therefore, it allows us to  convert the 
locked regions into topographic nanoscale patterns after all the exposures are completed. 
This idea is illustrated in Figure 2.5.
The BTE molecules were deposited via Low Tem perature therm al Evaporation (LTE) 
in a custom-made vacuum chamber with background pressure of ~1 x 10 7 Torr. For 
electrochemical oxidation of the molecule, all films were deposited on platinum  (Pt)-coated 
silicon substrates, which were obtained by immersion in diluted hydrofluoric acid (HF:H2O 
=  1:50) to  etch away the native oxide layer. Upon irradiation with short-wavelength UV, 
the open-ring isomer, 1o, converts to the closed-ring form, 1c. A subsequent illumination 
with a node at A2 =  633 nm converts the molecules back to  the open-ring form, 1o, except 
in the near-vicinity of the node. By optically saturating this transition, only a small group 
of molecules near the node remain in the closed-form, 1c. Then, selective electrochemical 
oxidation of the closed-ring form into a stable radical cation completes the patterning.
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This is done by applying an oxidation potential of ~0.5V, Figure 2.9. Finally, the sample is 
developed in a m ixture of 95 wt(%) ethylene glycol and 5 wt(%) isopropanol, which dissolves 
away the cations. Most of the unoxidized BTE remains. Repeating the three patterning 
steps with subsequent displacement of the sample relative to  the optics allows two features to 
be patterned with a pitch much smaller than  allowed by the far-field diffraction limit. Also, 
as the two photoisomer states are thermally stable, high resolution at low light intensities 
is achievable.
2.4.2 S elective  D isso lu tion
An alternative approach to  the electrochemical locking mechanism, th a t I discovered 
accidentally in the lab which I investigated further, is based on selective dissolution of one 
photoisomer. The idea is based upon the selective dissolution of one of the isomers of the 
BTE, in this case the closed-ring isomer, 1c. This has the advantage of not requiring a 
conductive P t layer, which might be problematic in some devices. Also, it combines the 
two steps of locking and development into a single dissolution step. The idea is illustrated 
in Figure 2.6.
This electrode-free technique as a highly selective locking step bypasses the electrochem­
ical oxidation by exploiting the difference in solubility between the two thermally stable 
photoisomer states of the molecule, Figure 2.7. In the POST selective dissolution process, 
a thin film, BTE, is again therm ally evaporated onto a substrate (i.e. silicon wafer). Upon 
uniform irradiation with short-wavelength UV, Ai, the open-ring isomer, 1o, converts to 
the closed-ring form, 1c. A subsequent illumination with a node, A2 , at 633nm converts 
the molecules back to  the open-ring form, 1o, except in the near-vicinity of the node. By 
optically saturating this transition, the molecules in the closed-ring form, 1c, remain in a 
region th a t is far smaller than  the far-field diffraction limit. It is at this stage th a t the 
solubility difference locking step is applied by developing the sample in a polar solvent (100 
wt(%) ethylene glycol). This highly selective solubility locking step opens the door to  an 
inexpensive, scalable nanopatterning technique.
2.5 Advantages of POST
PO ST enjoys 4 m ajor advantages: 1) Resolution is determined predominantly by the 
quality of the node at A2 and sub-10nm nanostructures are feasible with near-UV and visible 
light. In other words, the far-field diffraction limit is broken. 2) A node can possess a large 
optical depth-of-focus which increases process latitude and yield.13-23 3) Only low intensities 
are required. This allows for massive parallelism and fast patterning. 4) Scalability to
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large areas would require massive parallelism and compatibility with inexpensive replication 
technologies such as imprint or roll-to-roll lithography.24,25
PO ST also has the potential to  create sub-diffraction-limited patterns in the photoresist 
layer w ithout the use of a mask, alleviating the need to  design and manufacture a mask, 
removing the need to  consider the contamination of the mask. These advantages provide 
a useful technique to  access the non-diffraction-limited near-field using far-field optics, 
providing an opportunity to  improve resolving capability. Secondly, the maskless nature of 
PO ST allows for quick prototyping of circuit designs as making a mask is often a considerable 
expense and may also allow for inexpensive surface patterning. However, in order to  be able 
to  make use of these advantages, further understanding is needed of the POST process. One 
particular focus is the resolution limits and process latitudes of a PO ST system and how 
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F ig u re  2.1: Representation of how the effective point spread function is formed by the 
overlap of the standard PSF and the depletion PSF.
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Figure 2.3: A, B, C scheme of BTE state transitions.
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Figure 2.4: POST sequence of steps.
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F ig u re  2.5: Electrochemical oxidation locking step.
X,
dissolve 1c
F ig u re  2.6: Selective dissolution locking step.






The larger the dipole moment the more polar
F ig u re  2.8: Density functional theory (DFT) calculations of open- and closed-ring isomer.
Voltage (V vs. Ag/AgCI)
F ig u re  2.9: Cyclic voltam m etry (CV) of thin-film BTE.
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CHAPTER 3
INTERFERENCE LITHOGRAPHY AND  
INERT ATMOSPHERE SAMPLE 
HOLDER 
3.1 Principle of Interference
The ability to  fabricate uniform nanoscale features is a critical issue as scientific and 
engineering quests reach the nanom eter scale. These nanostructures must also cover a 
relatively large area to be useful in many applications. Interference lithography (IL) is a 
technique th a t can be used to  accomplish this while keeping m anufacturing costs within an 
acceptable range.
IL uses interference of light to pattern  the underlying substrate. In this disserta­
tion, a photochromic layer by means of multiple exposures and rotations two- and three­
dimensional patterns can be obtained. The possible number of periodic patterns obtainable 
using interference lithography is only limited by the number of exposures and the number 
of beams in use. Two interference lithographic techniques were used in this dissertation. It 
is one of the few preferred methods for fabricating large areas of periodic patterns because 
of lower cost and parallel m ethod of fabrication.
Interference lithography is a m ethod used to  obtain periodic patterns over a large 
area. Two coherent waves interfere to  produce a standing wave. This standing wave when 
observed on a plane perpendicular to  the wave propagation consists of alternating fringes 
of high brightness regions and dark regions. This pattern  is made use of in interference 
lithography by recording it on a recording medium which is in tu rn  used in transferring the 
pattern  on to  the substrate below.
The feature sizes realizable using interference lithography are less than  what is realizable 
with the most advanced stepper lithography at m id-ultra violet wavelengths. In addition, 
the equipment needed for the IL setup is comparatively simpler. The process can be easily 
improved due to the comparatively less complex components involved. A lim itation of IL is 
th a t only periodic patterns can be fabricated using the method. Though the periodicity of
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the structures in different directions can be varied in certain IL systems, this aspect is also 
not much of a drawback because for most of the applications, uniform periodic patterns are 
the desired result.
The im portant param eter of the interference lithography pattern  is the pitch or period 
of the pattern. It is the distance between two similar consecutive points in the pattern, like 
the distance between the centers of two consecutive peaks or nulls. The period is dependent 
on the wavelength of the light and the angle at which the beams are incident on the sample. 
It is given by:
P  =  2 ^  M
where P  is the period of the grating, A is the wavelength of the light being used, and 6 is 
the half angle of incidence of the beam.
3.2 Types of Laser Interferometers
3.2.1 L loyd’s M irror Interferom eter
One of the methods used in these experiments is the Lloyd’s mirror interferometer. The 
m ajor advantages of this system are th a t the period of the grating can be controlled more 
easily than  other methods and th a t the period of the grating in each of the individual 
exposures can be changed easily and independently. One more of the advantages of Lloyd’s 
mirror IL is th a t only one light beam is used when compared to  two beams used in other 
systems of IL. This is beneficial because there are no problems related to  stage movement 
and beam movement as in other IL systems. The result also depends on the mirror used 
and any scratches on its surface, or a lower reflectance at the wavelength in use.
The Lloyd’s mirror interferometer for this dissertation used a Helium Neon (HeNe) laser 
and spatial filter w ith a beam expander. Its optical configuration is illustrated in Figure 
3.1. The main aim of the beam expansion is to  obtain near uniform light intensity on the 
substrate. This is useful in obtaining large areas of patterned resist with nearly uniform 
exposure over the whole area exposed. Half of the beam is reflected from the mirror and 
the other half illuminates the substrate directly. The overlapping of the beams produces 
the interference pattern  on the substrate.
3.2.2 M ach-Z ehnder
A Mach-Zehnder interferometer is a technique in which light is reflected into separate 
arms, transm itted into different directions, and then recombined upon a substrate to  pro­
duce interference. Its optical configuration is illustrated in Figure 3.2.
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A monochromatic HeNe source transm its light th a t is directed towards mirrors M1 and 
M2. The beam then propagates through a shutter and a half-wave plate (^ ) to  control the 
power in the arms. A polarized beam splitter is oriented at a 45 ° angle at position PBS to 
direct the split waves orthogonally towards mirrors M3 and M4. The two waves are then 
reflected by M3 and M4. In one arm, the beam passes through another half-wave plate (^ ) 
to  match the polarization in both arms. The beams are then recombined at the substrate 
surface. The overlapping beams at the substrate surface produce a periodic interference 
pattern.
3.3 Custom Inert Atmosphere Sample Holder
We previously solved the long-term storage requirement of the samples by storing them  
under N 2 , directly after the initial evaporation.1 However, the significant line-edge roughness 
evident in the gratings, Figure 3.3, is likely due to  the formation of oxidized products of 1c 
in the presence of air. 1 Improving the uniformity of the patterns requires th a t the exposure 
and development process be conducted under an inert atmosphere. To address the exposures 
done in ambient conditions, samples were exposed by sealing the air-sensitive samples 
between a quartz slide and an aluminum holder, Figure 3.4. However, this preparation 
was not well suited for the long exposures, as it suffered from eventual oxidation of the 
material, because of air leakage.
To address the air leakage, we desired to have a sample holder th a t provides a rigorous 
inert gas blanketing of the air-sensitive BTE in closed form, 1c, and m aintain an excellent 
seal for sufficient time to  obtain the appropriate exposure conditions. Additional criteria 
regarding the holder included: (1) th a t it be easily assembled within an inert atmosphere 
glove box; (2) minimize sample displacement errors; and (3) be free of intensity artifacts 
associated with the holder. We also desired to configure the holder so th a t it could be easily 
modified for various optical configurations. Figure 3.5 (a-i) shows the construction/assembly 
steps and Figure 3.6 (a) shows the Solidworks® 3D rendering of the sample holder. The 
holder was prepared in three main parts, namely the aluminum base and top, along with 
the 1/4 wave 633nm V-coat window. The base and top were fabricated from aluminum 
for easy machining. The base contains an o-ring groove for easy alignment and seal when 
the top with the window is lowered into place onto the sample base. The two pieces are 
clamped by 3 fastener screws and a gas-tight seal is achieved. In addition, this holder has a 
port th a t extends from the sample cavity to a needle valve, which is used to purge oxygen 
from the cavity with N 2 . There is also an outlet port with a one-way valve to  m aintain
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positive pressure. Figure 3.6 (b) shows the machined sample holder.
To verify th a t we have eliminated the oxygen from the exposure step, we performed 
several exposures to  see if the line edge roughness had improved. Assuming an incident 
sinusoidal illumination, we can readily simulate the resulting feature size. In Figure 3.7, 
this feature size is plotted as a function of the exposure time using the solid blue line. 
The experimentally measured values are shown using crosses. Using the exposure threshold 
as the only fitting param eter, we can show th a t this simple model can accurately explain 
our experimental results. The smallest experimentally obtained feature size was ~85nm, 
corresponding to  a linewidth of ~  A/7.4. More precise control of the exposure tim e should 
enable even smaller features. Note th a t as the exposure time is increased, the simulation 
indicates th a t the feature size w ith respect to  the period should be reduced significantly 
below the far-field diffraction limit. You can clearly see from the SEM images th a t the 
line-edge roughness has improved with the use of the inert atmosphere sample holder.
A further step was taken to  show more precise control of the exposure time, resulting 
in smaller features and m itigated line-edge roughness (LER). In Figure 3.8, the LW and 
exposure time are shown for a series of SEMs, resulting in much improved LER and 
smaller feature sizes, ~68nm, corresponding to  a linewidth of ~  A/9.3. I was also able 
to  experimentally show double patterning using the inert atmosphere sample holder, as 
shown in Figure 3.9. The left image is a Scanning Electron micrograph (SEM) of the 
resulting pattern. The SEM reveals the smallest spacing between the features. The image 
on the right is a schematic showing orientation of sample for double-exposure using POST.
By increasing the development times, I was able to  experimentally show an increase 
in contrast as shown in Figure 3.10, where the feature size is plotted as a function of 
the exposure time. The theoretical model is indicated using the solid blue line. Using 
the exposure threshold as the only fitting param eter, we can show th a t this simple model 
can accurately explain our experimental results. The experimentally measured values are 
shown using crosses for two different development times, specifically 30 min and 90 min, 
respectively. The smallest experimentally obtained feature size was ~44nm, corresponding 
to  a linewidth of ~  A/14.4.
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F ig u re  3.3: Double exposure demonstration. Left: Schematic showing orientation of 
sample for double-exposure using POST. Right: Atomic-force micrograph of the resulting 
pattern. The atomic-force micrograph reveals the smallest spacing between the features as 
~260 nm, which is approximately half the period of the illuminating standing wave.
F ig u re  3.4: Original sample holder with quartz slide.
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F ig u re  3.5: Construction/Assembly of custom inert atmosphere sample holder. (a) Pocket 
for AR coated window. (b) AR coated window. (c) P late clamp for window. (d) O-ring 
groove on sample holder base. (e) Installed o-ring. (f) Mini-pneumatic check-valve and 
needle valve. (g) Three fastening screws. (h) Partially assembled sample holder. (i). Fully 
assembled custom inert atmosphere sample holder.
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F igure 3.7: Linewidth vs. exposure time for a single development using the inert sample holder. The simulated curve is shown as a 
solid blue line, while the experimental data  are shown using crosses. A sinusoidal illumination with period 457 nm was assumed. Inset: 
SEM images.
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F igure 3.8: Linewidth vs. exposure tim e for a single development time using the inert sample holder. Period is ~500nm.
dark areas are developed away
F ig u re  3.9: Double exposure demonstration. Left: Scanning electron micrograph (SEM) of the resulting pattern . The SEM reveals the 
smallest spacing between the features. Right: Schematic showing orientation of sample for double exposure using POST.
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F igure 3.10: Linewidth vs. exposure time for two different development times of 30 min and 90 min, respectively in 100 (wt %)  ethelyne 
glycol using the inert sample holder during exposure. The simulated curve is shown as a solid blue line, while the experimental da ta  are 
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CHAPTER 4
HIGH VACUUM (HV) SYSTEM
The ability to  deposit amorphous thin-films of organic photochromic molecules is es­
sential for both the understanding of fundamental physical phenomena and the application 
to  optical lithography, namely, Pattern ing via Optical Saturable Transitions (POST). In 
all cases, a clean, well-characterized interface between the organic photochromic thin-film 
and the substrate is desirable. O ther organic thin-film deposition techniques, such as 
spin-coating and drop-casting methods, can produce thin-films; however, the morphology 
is crystalline, which is not compatible with POST. Thermal deposition is the most widely 
used m ethod for preparation of thin-films. The m ethod is comparatively simple and was 
adopted for its use in deposition of many organic compounds and metals. The process 
of film formation by evaporation consists of several physical stages: (1) transform ation 
of the material to be deposited into the gaseous state, (2) transfer of molecules from the 
evaporation source to  the substrate, (3) deposition of these particles on the substrate, (4) 
rearrangement or modifications of their bindings on the surface of the substrate. The 
quality and characteristics of the deposit will depend on the rate of deposition, substrate 
tem perature, ambient pressure, etc.
Developing a deposition system capable of making an amorphous homogenous organic 
thin-film can be quite difficult for several reasons. First, it must have a small throw distance 
to  allow for uniformity of the thin-film. Thin-film properties are sensitive not only to  their 
structures but also to  many other param eters including their thickness. Hence, a stringent 
control of the la tter is imperative for reproducible samples. Second, the chamber must be 
dedicated to  only evaporating the organic photochrome in order to prevent contamination. 
Third, there is a need for a high vacuum deposition pressure of about 1x10-6 Torr. Finally, 
the chamber must have the ability to control the deposition rate of the organic photochrome 
during deposition. In this chapter, I describe the design, construction, and performance of 
a high vacuum low tem perature organic thin-film evaporator th a t was easily integrated into 
the PO ST technique and also meets all of the above requirements.
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4.1 Custom Thermal Evaporator Description
The custom therm al evaporator is described in two parts, which consist of the evapo­
ration chamber and the system components. The system components correspond to  the 
deposition rate controller, the quartz crystal microbalance (QCM) and turbo molecular 
pump cooling system, and the 10cc charge capacity organic Low Tem perature Evaporator 
(LTE) source power supply, described in detail in section 4.1.1. The complete evaporation 
system is mounted on a stainless steel custom table with a shelf and housed in our cus­
tom  class 10 cleanroom facility. The stainless steel table is 4 ft.x2ft.x3ft. and has four 
nonadjusting legs.
4.1 .1  E vaporation  C ham ber C om p on en ts
Figure 4.1 shows an overview of the custom evaporator system as well as the chamber, 
turbo molecular pump, deposition rate controller, LTE source power supply, and the rough­
ing pump, Figure 4.1 (a,b,c), respectively. Figure 4.2 (a,b) illustrates a Solidworks® 3D 
rendering of the system.
The evaporation chamber was designed and fabricated specifically to undertake the 
work described within this dissertation. The main body of the organic deposition chamber 
consists of a 304L stainless steel six-way cube with knife-edge 4.5 in. Conflat (CF) flange. 
A standard 4.5 in. CF flanged 304L stainless steel tee is attached to  the six-way cube which 
holds the sample holder and the quartz crystal (QC) low profile single sensor, as shown in 
Figure 4.1. The internal volume of the chamber is 94.4 in.3.
The sample holder consists of a custom Fast-Entry Door with 4.5 in. CF flange and 
dual latch-knobs, as shown in Figure 4.3 and illustrated in Appendix C. The sample holder 
itself was made adjustable by drilling a hole through the top of the flange and a Swagelok® 
U ltra-torr vacuum fitting was welded on top and the mounting post from the sample holder 
is slid through. The U ltra-torr can w ithstand pressures of 10-6 to  10-8 torr ranges. In order 
to  monitor the deposition rate, a 5MHz quartz crystal microbalance from Sycon Instrum ents 
(Low Profile Sensing Head) was used, Appendix C. The QCM is mounted in such a manner 
to  stay as close as possible to  the substrate holder, as shown in Figure 4.4 and illustrated in 
Appendix C. It is connected to  a deposition rate controller from Inficon SQC-310, Figure
4.1 (b). A deposition controller allows rate control of the deposition process using the QCM 
sensor. The thickness of the thin-film is shown in realtime on the digital readout; this allows 
for to tal control of the sample thin-film thickness for repeatability. The QCM is then cooled 
to  a tem perature of 30 °C ±  1 °C using an ambient cooling system th a t contains a dual x
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120mm fan aluminum radiator with 590W of cooling capacity, as shown in Figure 4.1 (a) 
and illustrated in Appendix C.
Beneath the six-way cube is housed the 10cc charge capacity organic LTE source with 
custom stainless steel shutter. The LTE source shutter is a custom stainless steel teardrop­
shaped plate attached to the manual rod by welding th a t is housed over the crucible to 
protect the substrate from evaporation during heating and cooling of the source, Figure 4.5. 
To measure the pressure inside the chamber, a hot cathode ionization gauge (Bayerd-Alpert) 
was used. It is housed on the six-way cube with Conflat flanges, Figure 4.1 (a).
4 .1 .2  O peration
The chamber is pumped by a roughing pump (Varian Triscroll 300 Dry Scroll Pum p) in 
the chaise of the class 10 cleanroom, Figure 4.1 (c), and a turbo molecular pump (Pfeiffers- 
Balzers TPH-50), Figure 4.1 (a), th a t allows a pressure of ~  10-6 torr. The roughing pump 
is capable of reaching a pressure of ~  10-3 torr. Differential pumping is provided by a 50 
l/s  tu rbo  molecular pum p (Pfeiffers-Balzers TPH-50) which is isolated from the chamber 
by a 4.5 in. stainless steel CF to ISO-63 adapter connected to the six-way cube; it takes 
the chamber pressure down to  high vacuum, 10 6 torr.
The LTE source power feedthrough from K urt J. Lesker Company heats the tungsten 
basket crucible heater, Figure 4.5 (a), which holds an aluminum oxide (A l2O 3) crucible, 
Figure 4.6, from the same company. The LTE source is powered by the power supply and 
the deposition rate is controlled by the SQC-310 controller, Figure 4.1 (b). A thermocouple 
monitors the base vacuum pressure of the chamber. The pressure is read out digitally on 
the vacuum gauge (Varian Multi-Gauge), Figure 4.1 (a).
The calibration of the QCM was checked by also measuring the thickness of the thin-films 
using a profilometer (Tencor P-10) versus the readout of the SQC-310 controller. The two 
thicknesses measurements agreed within ±5 nm.
4 .1 .3  H eliu m  Leak T esting
To detect the exact position of potential leaks in the system during building, a helium 
leak detector (Alcatel ASM 180 TD) was used, Figure 4.7. The chamber was evacuated by 
the turbopum p connected in series with the roughing pum p of the leak detector and then 
areas liable to leaks are sprayed with helium. The detector is then able to  measure the flow 




F ig u re  4.1: Complete custom evaporation system. (a) Overview of the custom evaporator 
system as well as the chamber, turbo molecular pum p and power supply, cooling system, 
vacuum and ion gauges, and sample holder mount. (b) (left) INFICON® SQC-310 thin 




F ig u re  4.2: Solidworks® 3D rendering of LTE custom evaporator. (a) Complete system. 
(b) Exploded view showing sample holder.
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F ig u re  4.5: LTE source and custom shutter. (a) LTE source and tungsten basket. (b) 
Custom source shutter.
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F ig u re  4.7: Alcatel ASM 180 TD Leak Detector.
CHAPTER 5
ELECTROCHEMISTRY AND  
SPECTROSCOPY
Compound 1 exists in two isomeric forms, open-ring (1o) and closed-ring (1c). Since 
this compound has an extended conjugation in 1c, it can be selectively oxidized to  a stable 
cation (1ox) as indicated in Scheme 5.1.
5.1 Experimental Setup
In many electrochemical techniques, the current-potential curves for the electrode reac­
tions are measured and studied. These techniques are combined under the term  voltamme- 
try, and the current-potential curves are called voltammograms. The typical setup for the 
oxidation of our BTE samples in this work is shown in Figure 5.1. A potentiostat, supported 
by a voltage source, applies a potential between the 100nm thick platinum  thin-film working 
electrode (WE) on which BTE is placed and the Platinum  counter electrode (CE). A 
high-impedance Ag/AgCl quasi-reference electrode (QRE) is used to  measure and control 
the potential precisely. The resulting current through the three-electrode electrochemical 
cell is then measured and recorded, together with the potential. W ith the appropriate 
working setup, the BTE can be investigated. Cyclic voltam m etry (CV) was chosen as the 
electrochemical technique to  study the redox reactions of the solution and thin-film forms 
of BTE.
5.1 .1  B T E  in Solu tion
The redox properties of the molecule are clearly critical to defining the feature sizes of 
the nanostructures. Therefore, we first characterized the redox properties of compound 1c 
in solution by performing cyclic voltam m etry at various scan rates, as illustrated in Figure
5.2 (a). The Faradic current is directly proportional to  the scan rate, as shown in Figure
5.2 (b), indicating th a t the kinetics of the redox reactions were more adsorption controlled 
than  diffusion limited.
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5.1 .2  B T E  in T h in -F ilm  Form
We then applied this principle to determine the appropriate oxidation conditions for 1c 
in thin-film. Figure 5.3 (a) shows the oxidation current for a 40 nm-thick film of compound 
1 th a t was first exposed to  a standing wave 633 nm wavelength (HeNe) of period 400 nm 
for 3 hr and 5 min with a laser output power of 2.65mW. The oxidation potential was fixed 
at 0.81 V. As expected, the current shows an exponential decrease w ith tim e .1 The total 
time of oxidation determines the w idth and depth of the final developed nanostructure. 
We characterized different oxidation times as illustrated by the atomic-force micrographs in 
Figure 5.3 (b) at an oxidation voltage of 0.85V determined from cyclic voltam m etry.2 The 
50 nm-thick films were exposed to a standing wave at A2=647 nm (CW  Kr-ion, Coherent 
Innova 301C) of period 400nm for 60secs at a power density of 0.95 m W /cm 2. As the 
oxidation time is increased from 10 min to 25 min, one can clearly see a loss of contrast 
as some of the regions comprised of 1o get oxidized as well. The developer (5% IPA: 95% 
ethylene glycol) dissolves all oxidized portions. Larger oxidation times result in an uneven 
line and increased surface nonuniformities after development. Therefore, a careful choice of 
the oxidation conditions is critical to patterning high-quality nanostructures.
5.2 UV-visible Spectroscopy and Switching Cycles
In order to characterize the performance of compound 1 in thin-film, we evaporated 
80 nm of 1o onto an ITO-coated quartz slide.2 As indicated in Figure 5.4 (a), UV-Vis 
absorption spectroscopy reveals distinct peaks for the three forms: 1o, 1c, and 1ox. These 
spectra confirm the existence of stable isomeric forms. One im portant characteristic for 
lithography is the capability of compound 1 to undergo repeated switching without adverse 
effects. This is im portant for repeated patterning to  create dense (as opposed to  isolated) 
features. We switched the aforementioned quartz slide back and forth by exposing it to 
a UV lamp (center wavelength =  300 nm) and a Helium-Neon laser (A2 =  633 nm), 
respectively. Figure 5.4 (b) shows the resulting absorbance measured at 633 nm as a 
function of the switching cycle. A slight decrease of absorbance was noted for the first 
few cycles, presumably due to  UV-induced photo-oxidation. The absorbance values were 
stable after the th ird  cycle. This is a significant result!
5.3 In-situ Electrochemical Setup
The main goal of in-situ experimentation in the electrochemical m ethod is performing 
electrochemical oxidation of the closed-form isomer, 1c, in an O2 purged environment. The 
cell was machined out of Teflon with an o-ring seal. Three windows were machined out to
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allow for the attachm ent of anti-reflection (AR) coated windows for the exposures. Figure 
5.5 (a-d) shows the design and fabricated in-situ electrochemical cell.
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F ig u re  5.2: Characterization of the redox properties of compound 1 in solution form. (a) 
Cyclic voltammograms of 1c in solution of 0.1M tetrabutylam m onium  hexafluorophosphate 
















F ig u re  5.3: Characterization of the redox properties of compound 1 in thin-film form. 
(a) Oxidation current as a function of time for compound 1 in solid form for an oxidation 









F ig u re  5.4: Characterization of compound 1 in thin-film. (a) UV-Vis absorbance spec­
troscopy of compound 1. Compound 1c shows a peak in the visible range, while compound 
1o has a peak in the UV. Both peaks disappear in the oxidized form. (b) Response to  cyclic 
UV/Vis exposure. The absorbance at 633 nm is plotted as the sample is repeatedly exposed 
to  UV and red light. The absorbance stabilizes after 3 cycles and remains approximately 
constant for tens of cycles.





Figure 5.5: Electrochemical in-situ design and build, (a) Detailed design of stage translation, (b) Sideview showing top ports. 
In-situ setup inside of Mach-Zhender interferometer (d) Fabricated in-situ setup made from teflon.
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The resolution of optical patterning is constrained by the far-field diffraction limit. In this letter, we 
describe an approach that exploits the unique photo- and electro-chemistry of diarylethene 
photochromic molecules to overcome this diffraction limit and achieve sub-wavelength 
nanopatterning. © 2012 American Institute o f Physics. [http://dx.doi.org/10.1063/L4710547]
APPLIED PHYSICS LETTERS 100, 183103 (2012)
Top-down patterning of nanostructures is the key ele­
ment that introduces functionality at the nanoscale. This is 
exemplified in numerous devices such as the complex geo­
metries in nanoelectronics,1 exquisite control of nanoscale 
dimensions in integrated optics,2 geometries that impart pho­
tonic bandgaps in photonic crystals,3 and subwavelength 
control of refractive index in metamaterials.4 In almost all 
these examples, the nanopatterns are generated via scanning- 
electron-beam lithography (SEBL), where a focused beam of 
electrons is scanned over an electron-sensitive polymer 
resist. On the other hand, SEBL and related approaches are 
extremely slow. Photons, on the contrary, can create patterns 
extremely fast. However, they suffer from diffraction, and 
hence, are limited to features that are larger than about one- 
half the wavelength.5
Recently, a number of techniques have been proposed to 
circumvent this diffraction limit and achieve nanoscale reso­
lution with optics.6-9 Most of these methods are inspired by 
the use of photoswitchable states for deep sub-wavelength 
resolution in fluorescence imaging.10 Similar techniques 
have also been extended to non-fluorescence imaging.11 We 
recently proposed a novel alternative that extends these 
approaches to nanopatterning via the combined photo- and 
electrochemical switching of stable photochromic isomers.12 
In this letter, we elucidate the key material aspects that form 
the basis of this technique including the material stability, 
the electrochemical oxidation mechanisms, and the influence 
of the oxidation time on pattern contrast. Moreover, we 
show that the photochromic layer can be used as both a 
positive-tone and a negative-tone photoresist depending on 
developing conditions. The negative-tone approach allowed 
us to demonstrate isolated lines as narrow as k/16.
We thermally evaporated thin-films of 1,2-bis[2-methyl- 
5-(5'-methyl-2'-thienyl)-3-thienyl]hexafluorocyclopentene 
(compound 1) onto a 100nm-thick platinum (Pt) film atop a 
silicon wafer.13 The evaporated films ranged in thickness 
from 20 nm to 60 nm. As indicated in Fig. 1(a), compound 1 
exists predominantly in either the closed form (1c) or the 
open form (1o). When exposed to red light, 1c is converted
a)Author to whom correspondence shoule be addressed. Electronic mail: 
rmenon@eng.utah.edu.
to 1o. When exposed to UV, 1o is converted back to 1c. 
Upon illuminating this film with a standing wave of wave­
length k =  633 nm, the molecules originally in form 1c are 
converted into form 1o except at the centre of the node, 
where they remain as 1c (Fig. 1(c)).12 By increasing the ex­
posure time, the area of 1c can be made arbitrarily small as 
long as the centre of the node is devoid of photons, i.e., as 
dark as possible. The isomers of the diarylethene molecule 
are thermally stable, which allows for a subsequent 
electrochemical-fixing step (Fig. 1(d)). Compound 1c has a 
lower oxidation potential than 1o.14 Therefore, applying the 
appropriate oxidation potential will selectively oxidize only 
1c, resulting in a subwavelength region that is in the stable 
oxidized form, which is no longer photochromic. The 
remaining unoxidized molecules can participate in subse­
quent exposure-oxidation steps to create more areas that are 
in the oxidized form generating dense features.12 The oxi­
dized form therefore, is analogous to the latent image in con­
ventional photolithography. After all exposures are 
completed, the oxidized form is selectively dissolved away 
to create nanoscale topography. As in conventional photoli­
thography, the photochromic layer can act as a negative-tone 
resist when the unoxidized regions are selectively removed 
by a solution of pentane. Pentane is a nonpolar solvent, 
which selectively dissolves the neutral molecule with respect 
to the polar cation. As indicated in Fig. 1(e), isolated lines re­
presenting the removed portions as narrow as 39 nm (~k/16) 
were clearly resolved. The photochromic layer can act as a 
positive-tone resist when the oxidized regions are selectively 
removed by a solution of 5% isopropanol (IPA) and 95% eth­
ylene glycol resulting in lines shown in Fig. 1(f).
In order to characterize the performance of compound 1 
in thin-film, we evaporated 80 nm of 1o onto an ITO-coated 
quartz slide.13 As indicated in Fig. 2(a), UV-Vis absorption 
spectroscopy reveals distinct peaks for the three forms: 1o, 1c, 
and oxidized. These spectra confirm the existence of stable 
isomeric forms. One important characteristic for lithography 
is the capability of compound 1 to undergo repeated switching 
without adverse effects. This is important for repeated pattern­
ing to create dense (as opposed to isolated) features. We 
switched the aforementioned quartz slide back and forth by 
exposing it to an UV lamp (center wavelength =  300 nm) and
0003-6951/2012/100(18)/183103/3/$30.00 100, 183103-1 © 2012 American Institute of Physics
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FIG. 1. (a) Photochromic molecule, compound 1 exists 
in open form, 1o and the closed form, 1c. (b) Sample 
for nanopatterning is comprised of a thin-film (20nm- 
60 nm thick) of 1c deposited on 100 nm of Pt on a sili­
con wafer. (c) When exposed to a standing wave at k 
(red), 1c becomes 1o except at the node. (d) 1c is pref­
erentially oxidized electrochemically. (e) As a 
negative-tone resist, 1o is selectively removed to form 
representative lines as narrow as 39 nm. (f) As a 
positive-tone resist, the oxidized form is selectively 
removed to form representative lines as narrow as 
100 nm.
a Helium-Neon laser (k =  633 nm), respectively. Figure 2(b) 
shows the resulting absorbance measured at 633 nm as a func­
tion of the switching cycle. A slight decrease of absorbance 
was noted for the first few cycles, presumably due to UV- 
induced photo-oxidation. The absorbance values were stable 
after the third cycle. The quality of the thermally evaporated 
films is extremely important for nanopatterning. It was noticed 
that the film uniformity degraded dramatically if exposed to 
air over prolonged periods of time as illustrated by the optical 
micrograph in Fig. 2(c). This sample was comprised of a 
40 nm thick film of 1o deposited on 100 nm of Pt. Following 
deposition, the sample was irradiated with UV to convert all 
molecules to 1c in order to preserve film integrity.12 The sam­
ple was stored in atmosphere and imaged after 24 h. The mol­
ecules of 1c tend to form nanoscale islands, which introduce 
significant non-uniformities in the thickness of the layer, mak­
ing it unusable for nanopatterning. This problem was solved 
by storing the samples under N2 as indicated by a different
sample shown in Fig. 2(d), again imaged 24 h after deposition 
of 40 nm of compound 1.13 This effect is therefore likely due 
to the partial oxidation of 1c under ambient conditions. Never­
theless, the samples were stable enough so as to be able to 
conduct all exposure and development steps in air.
Compared to earlier methods in fluorescence imaging,10 a 
fixing step is necessary for nanopatterning. This is achieved 
by selective oxidation of 1c in an electrochemical cell.13 The 
redox properties of the molecule are clearly critical to defining 
the feature sizes of the nanostructures. Therefore, we first 
characterized the redox properties of compound 1c in solution 
by performing cyclic voltammetry at various scan rates as 
illustrated in Fig. 3(a). The Faradic current is directly propor­
tional to the scan rate as shown in Fig. 3(b) indicating that the 
kinetics of the redox reactions were more adsorption con­
trolled than diffusion limited. We then applied this principle 
to determine the appropriate oxidation conditions for 1c in 
thin-film. Figure 3(c) shows the oxidation current for a40nm -
V
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FIG. 2. Characterization of compound 1 in thin-film.
(a) UV-Vis absorbance spectroscopy of compound 1. 
Compound 1c shows a peak in the visible range, while 
compound 1o has a peak in the UV. Both peaks disap­
pear in the oxidized form. (b) Response to cyclic UV/ 
Vis exposure. The absorbance at 633 nm is plotted as 
the sample is repeatedly exposed to UV and red light. 
The absorbance stabilizes after 3 cycles and remains 
approximately constant for tens of cycles. Optical 
micrographs of samples with ~40nm -thick  films of 1c 
24 h after evaporation (c) when stored in air and (d) 
when stored under N2.
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FIG. 3. Characterization of the redox 
properties of compound 1. (a) Cyclic vol- 
tammograms of 1c in solution of 0.1M 
tetrabutylammonium hexafluorophosphate 
in dichloromethane at various scan rates.
(b) Peak current shows a linear depend­
ence on the scan rate. (c) Oxidation cur­
rent as a function of time for compound
1 in solid form for an oxidation potential 
of 0.81 V. (d) Atomic-force micrographs 








thick film of compound 1 that was first exposed to a standing 
wave 633 nm wavelength (HeNe) of period 400 nm for 3h 
and 5 min with a laser output power of ~2.65 mW. The oxida­
tion potential was fixed at 0.81 V. As expected,15 the current 
shows an exponential decrease with time. The total time of 
oxidation determines the width and depth of the final devel­
oped nanostructure. We characterized different oxidation 
times as illustrated by the atomic-force micrographs in Fig. 
3(d) at an oxidation voltage of 0.85 V determined from cyclic 
voltammetry.13 The 50nm-thick films were exposed to a 
standing wave at k =  647 nm (CW Kr-ion, Coherent Innova 
301C) of period 400nm for 60s at a power density of 0.95 
mW/cm2. As the oxidation time is increased from 10 min to 
25 min, one can clearly see a loss of contrast as some of the 
regions comprised of 1o get oxidized as well. The developer 
(5% IPA: 95% ethylene glycol) dissolves all oxidized por­
tions. Larger oxidation times result in uneven line and 
increased surface non-uniformities after development. There­
fore, a careful choice of the oxidation conditions is critical to 
patterning high-quality nanostructures.
In conclusion, we characterized a photochromic mole­
cule, compound 1 as a resist material for optical nanopattern- 
ing. By exposing a thin-film of this molecule with a standing 
wave, one of the isomers can be spatially localized. A subse­
quent electrochemical oxidation “fixes” this localized iso­
mer. The unoxidized regions are free to be used for 
subsequent exposures. The molecule can be used as a 
negative-tone or a positive-tone resist with appropriate 
choice of a developer. Electrochemical oxidation conditions 
are critical to the quality of the patterns and we characterized 
the performance of the material under different oxidation 
conditions. In the specific method, we described here, a con­
ducting electrode is required underneath the photochromic 
film. This constraint could be avoided if a compatible photo­
oxidant could be found. Gated photochromism as the locking 
mechanism within a photo-reversible switching process has 
the potential to overcome the far-field diffraction limit with 
low intensities of light. Therefore, this approach has promise
for the fast patterning of large area, two-dimensional com­
plex geometries.
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1. Procedure for the synthesis of 1,2-bis[2-methyl-5-(5'-methyl-2'-thienyl)-3- 
thienyl]hexafluorocyclopentene ( compound 1)
5-Methylthiophene-2-boronic acid pinacol ester (0.638 g, 2.85 mmol, 0.7 ml), 1,2-bis-[2- 
methyl-5-chloro-3-thienyl]hexafluorocyclopentene1 (0.500 g, 1.14 mmol), and Pd(PPh3)4 
(0.107 g, 0.093 mmol) were placed in a reaction flask under argon atmosphere. Toluene (10 
ml), THF (10 ml) and an aqueous 1M solution of Na2CO3 (5 ml) were subsequently added, 
and the solution was refluxed under argon for 24 hrs. Reaction was monitored by TLC. Due 
to the presence of both the unsubstituted and the mono-substituted species, amounts of 
boronic acid pinacol ester (100 mg) and Pd(PPh3)4 (13 mg, 0,01 mmol) were added to 
complete the reaction, and heating was continued for ca. 24 hrs. The reaction mixture was 
extracted with water and ether. The combined organic phases were dried over Na2SO4 and 
filtered. After solvent removal, the raw material was purified by flash chromatography on 
silica gel (ETP:DCM, 9:1) to afford 320 mg of 1 in 50% yield.
1H NMR (400 MHz, CDCl3): d/ppm 7.01 (s, 2H), 6.90 (d, J = 3.5 Hz, 2H), 6.65 (dq, J = 3.5, 
1.0 Hz, 2H), 2.47 (s, J = 0.8 Hz, 6H), 1.94 (s, 6H).
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2. Evaporation process
Deposition of a uniform thin film over large areas with small organic molecules is of critical 
importance in order to achieve precise nanopatterning.3 As the evaporation of small 
molecules is not a trivial process step, we have designed and fabricated a custom low 
temperature thermal evaporator to achieve relatively high vacuum, ~10-7 torr, to improve the 
quality of the thin films.
Fig. S1: Image showing the custom low temperature thermal evaporator. It consists o f a 4.5 
inch six-way stainless steel cube with knife-edge (ConFlat) flanges to house the ion gauge, 
LTE source and electrical feedthroughs. Pumping is done by a Varian scroll pump and a 50 
liter per second turbo molecular pump (Pfeiffer-Balzers TPH-O5).
The silicon substrates were obtained by immersion in diluted hydrofluoric acid (HF:H2O = 
1:50) to etch away the native oxide layer. Next a 100nm layer of platinum was sputtered on 
using the TMV SS-40C-IV Multi Cathode Sputtering system. After sputtering the platinum- 
coated substrate it was found by a wettability test that the platinum surface was contaminated 
by a hydrophobic organic impurity. In order to rid the platinum surface of adsorbed 
contaminants, the surface was cleaned using Reactive Ion Etching (RIE). A conventional 
Oxford Plasma Lab 80 Plus RIE system was used. Oxygen gases were injected into the 
chamber through mass flow controllers with 200 W RIE chuck power, 20mT chamber 
pressure, and flow rates of 50 standard cubic centimeters per minute (sccm). After 1 minute 
etching, the surface was blown with nitrogen gas. Compound 1 was then thermally 
evaporated onto platinum-coated silicon substrates from an Al2O3 boat at 100°C using a
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custom built low temperature thermal evaporator with a base pressure of 1x10-6 torr and a 
deposition rate of ~2 A/second. During deposition a quartz crystal head monitor was used to 
adjust the monitored thickness of the films. After evaporation, the films were illuminated 
with short-wavelength UV light (UVP UVGL-25) for 5 minutes to fully convert the samples 
to the closed form. The film thicknesses were then measured with a Tencor P-10 Profilometer.
3. Optical Exposure System.
Fig. S2: (a) Schematic o f the experimental setup o f the 647nm KrIon laser using a Lloyd’s- 
mirror interferometer. (b) Standing wave o f the beam incident on the sample with a period of 
400nm.
The He-Ne Lloyd’s mirror interferometer was detailed previously.2 A 712mW Kr-ion 
(Innova 300C Series I-301, TEM00 mode) laser at X = 647nm was also used as a light source 
for Figure 3(d). A spatial filter allows the high frequency noise to be removed from the beam 
to provide a clean Gaussian profile. The center of the mirror and substrate assembly remained 
on the optical axis. Half of the expanded beam was reflected by a mirror and folded a portion 
of the wave front back onto itself. It served as two beams for recording patterns on the 
sample. When the mirror is fixed perpendicular to the substrate, 0 is equal to the stage 
rotation angle. The horizontal standing wave interference period can be calculated as 
X/(2sin9), where 0 is the half angle of intersection between the two incident beams and X the 
laser wavelength.
4. Electrochemistry
Electrochemical cyclic voltammetry measurements were performed using a DY2000 
Electrochemical Workstation in a conventional three-electrode electrochemical cell. Analyte
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concentrations were 1.784 nM in anhydrous dichloromethane containing 0.1M tetra- 
butylammonium hexafluorophosphate (TBAPF6). A platinum button microelectrode was 
employed as a working electrode; a Pt wire counter electrode and a Silver/SilverNitrate 
quasi-reference electrode were employed. Cyclic voltammograms of 1c in solution were 
obtained at sweep rates between 10 mV/s and 300 mV/s.
Electrochemical oxidation experiments of compound 1c in thin film form were performed 
using a Bioanalytical Systems CV-37 Voltammograph in a conventional three-electrode 
electrochemical cell. Platinum-coated silicon substrate, a Pt wire and an Ag/AgCl saturated 
KCl were employed as the working electrode, counter electrode and quasi-reference electrode, 
respectively. All experiments were carried out in DI water as the electrolyte, which was 
deoxygenated with purified nitrogren for 20 minutes.
5. Development Process
The oxidized form has increased solubility in polar solvents. After electrochemical selective 
oxidation of the molecule from 1c to 1ox, the samples were then developed in a solution of 
5% isopropanol and 95% ethylene glycol for 60 seconds. The samples were then carefully 
rinsed in de-ionized water and dried under N2. Finally, the resulting structures were imaged 
by atomic force microscopy (AFM) using a commercial instrument (Bruker Dimension 
ICON-PT) operating in Peakforce QNM tapping mode. In the case of negative-tone, the 
unoxidized isomers were dissolved in pentane.
6. UV-Vis absorbance spectroscopy
To investigate the behavior of the compound 1 in thin film form during the process of 
oxidation and reduction, changes in the spectroscopic properties of the material were 
monitored as a change in the redox reactions by UV-Vis spectroscopy. For the UV-Vis 
measurements 80 nm of compound 1 was evaporated onto ITO-coated microscope slides (SPI 
Supplies 06402-AF). The compound 1o was obtained by illuminating an evaporated film 
with a 4 mW He-Ne laser (X = 633nm) for three hours. The compound 1c was obtained by
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illuminating an evaporated film with short-wavelength UV light (UVP UVGL-25) for 30 
minutes. The oxidized form was obtained by illuminating an evaporated film with short- 
wavelength UV light (UVP UVGL-25) for 30 minutes, immersing the sample in 0.04M NaCl, 
and oxidizing at 0.5 V (vs. Ag/AgCl) for 30 minutes with the ITO substrate as the working 
electrode and a platinum counter electrode.
The wavelength of the light was scanned from 300 nm to 800 nm, using a Perkin-Elmer 
Lambda 20 spectrophotometer. The background spectra were recorded with a blank ITO slide. 
The three forms of compound 1 in thin-film form also have distinct absorption peaks, 
showing that they are separate stable species. The compound 1o has a distinct peak at 324 nm, 
the compound 1c has a distinct peak at 618 nm, and the broad absorption band at 452 nm is 
the fingerprint of the oxidized form. The absorption spectra of the BTE molecule in the three 
forms in thin film are shown in Fig. 2(a).
7. AFM surface roughness measurements
The surface roughness was studied with an atomic force microscope (Bruker Dimension 
ICON-PT) in Peakforce QNM tapping mode using a scan window of 1 x 1 ^m 2. Because the 
roughness values are influenced by tip, scan size, and scan conditions, the parameters of the 
measurements were kept identical from sample to sample. Images of 512 x 512 pixels were 
acquired at a scan rate of 1Hz. All measurements were made at room temperature (25°C). Fig. 
S3 shows the surface morphology of thin-films of compound 1. The surface roughness of the 
thin-film was calculated in terms of root mean square (rms) value by using Veeco Nanoscope 
Analysis software. The rms value of the film roughness is estimated to be 0.325 nm. Ra 
values, defined as the mean value of the surface relative to the center plane were also 
calculated using equation S1:
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(S1)
where f(x,y) is the surface relative to the center plane and Lx and Ly are the dimensions of the 
surface. The Ra value was estimated to be 0.260 nm.
The AFM images depicted in Fig. S4 illustrate the long-term stability of the samples. The 
study of AFM surface morphology of the 1c film scanned 8 weeks after the date of deposition 
exhibited the same properties in terms of surface morphology and roughness as did the 
samples on the date of deposition. This demonstrates that these films deposited by low 
temperature thermal evaporation technique have consistent morphology and long-term 
stability. The reproducibility was also verified by studying samples prepared in different 
batches. The samples were stored under N2 to prevent ambient oxidation.
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Fig. S4: Illustrating film stability o f 1c. The AFM scanning image o f 40nm thin-film (Left) on 
deposited date, (Right) after 8 weeks from the deposited date. The samples were stored under 
N2 .
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The ability to pattern nanometric features on various substrates with high throughput, accuracy, 
and uniformity is the key driving force enabling novel applications in nanophotonics, 
nanoelectronics, nano-electro-mechanical systems, and nanofluidics. Patterning via Optical 
Saturable Transitions (POST) is an optical nanopatterning technique that circumvents the far-field 
diffraction limit by exploiting the linear switching properties of thermally stable photochromic 
molecules. Previously, POST was enabled by an electrochemical oxidation “locking step.” In this 
letter, we report an electrode-free “locking step” that exploits the difference in solubility between 
the two isomeric states of a photochromic molecule in a polar solvent. The reported method 
obviates the need for a conducting underlayer and also reduces the number of required steps. Using 
this method, we demonstrated isolated lines of width ~k/4 and spacing between features as small 
as ~k/2.5 for an exposure wavelength of k. © 2013 Author(s). All article content, except where 
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. 
[http://dx.doi.org/10.1063/L4826925]
Nanopatterning with optical wavelengths has many 
potential applications in the research, development, and 
manufacture of electronic, optical, and photonic devices.1- 4 
Currently, geometries at the nanoscale are patterned primar­
ily via serial writing tools such as scanning-electron-beam 
lithography, scanning-ion-beam lithography, and scanning- 
probe lithography. Although these tools offer high resolution 
and flexibility, their slow writing speeds prevent patterning 
of nanostructures over large areas. On the contrary, optical 
lithography can be extremely fast. However, its resolution is 
limited by diffraction.5-7 Several techniques such as photo­
induced deactivation (RAPID)8 lithography, multiphoton 
absorption polymerization,9 absorbance-modulation-optical 
lithography (AMOL),10 and two-photon continous flow 
lithography (TP-CFL)11 have been proposed to circumvent 
this far-field diffraction limit. The first two of these suffer 
from poor image contrast and require high light intensities, 
which limit their potential for parallelizability and high 
throughput. AMOL is limited to surface (2-D) patterning and 
in its current implementation also suffers from the require­
ment of high light intensities.10 The last approach is not eas­
ily scalable to large volumes. Recently, we developed 
patterning via optical saturable transitions (POST) as an al­
ternative technique for sub-diffraction-limited patterning.5 
POST exploits the photoisomerization at low light intensities 
of photochromic molecules, namely, diarylethenes, to create 
sub-diffraction-limited nanoscale patterns. Periodic features 
with sub-wavelength resolution have been reported before 
using other photochromic molecules,12 namely, azobenzene 
polymers. However, the cis isomer of azobenzene is ther­
mally unstable compared to the trans isomer and will sponta­
neously relax back to the trans form. This thermal 
isomerization reaction limits the subwavelength resolution
a)Email: rmenon@eng.utah.edu
limit achievable with azobenzene photochromes.12 
Diarylethenes have an advantage over azobenzenes as they 
are thermally stable at room temperature. Also, since only 
single-photon transitions are involved, POST does not have 
the restriction of high light intensity to achieve nanoscale 
resolution.
In POST, a thin layer of photochromic molecules acts as 
the pattern-recording material. The principle of operation is 
related to nanoscale fluorescence imaging where the samples 
are labeled with photoswitchable fluorophores such as in 
stimulated-emission-depletion microscopy (STED).13,14 In 
STED, a focused round spot first excites the fluorophores in 
a diffraction-limited region. Subsequently, a focused ring­
shaped spot at a longer wavelength de-excites the molecules 
through stimulated emission in this region except at the cen­
ter of the ring. Only fluorophores in the center of the ring 
remain in the excited state and spontaneously emit photons. 
This light-emitting region can be substantially smaller than 
the far-field diffraction limit. The one key difference in 
nanopatterning is that a “locking” step is necessary to fix the 
sub-wavelength region and isolate it from further optical 
processing.14 The specific sequence of steps for POST is 
described next.
In the POST process, a thin film of a photochromic mole­
cule is first thermally evaporated onto a silicon substrate. 
In our experiments, the photochromic molecule is 1,2-bis(5, 
5'-dimethyl-2,2'-bithiophen-4-yl) perfluorocyclopent-1-ene 
(compound 1 in Fig. 1(a)). This layer is analogous to the 
pattern-recording material or the resist in conventional lithog­
raphy. The layer is uniformly illuminated with a short- 
wavelength UV lamp (UVGL-25, Analytika Jena AG), which 
converts all molecules to the closed-ring isomer (compound 
1c). Next, the sample is exposed to a standing wave at 
k2 =  647 nm (Kr-ion laser, Coherent Innova 301C). This 
exposure converts all molecules except at the nodes to the
0003-6951/2013/103(17)/173112/4 103, 173112-1 © Author(s) 2 0 1 3 t^ ^ ^ S «
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FIG. 1. (a) Photochromic molecule (compound 1) used as recording medium in POST. Compound 1 exists as an open-ring isomer 1o and a closed-ring isomer 1c. 
(b)-(e) Sequence of steps for conventional POST. (f)-(h) Sequence of steps for the new dissolution-based method.
open-ring isomer (compound 1o). Increasing this exposure 
time decreases the width of the regions that remain as 1c 
beyond the far-field diffraction limit. In conventional POST 
(Figs. 1(b)- 1(e)), electrochemical oxidation selectively oxi­
dizes 1c while 1o remains unchanged. The oxidized 1c is sub­
sequently developed in a polar solvent mixture of 5%(wt.) 
isopropyl alcohol and 95%(wt.) ethylene glycol. We recently 
discovered that it is possible to selectively dissolve away 1c in 
100%(wt.) ethylene glycol without affecting 1o. This step 
essentially achieves the “locking” of the pattern as illustrated 
in Figs. 1(f)- 1(h). Note that this approach uses one less step 
than the conventional method. Furthermore, the conventional 
method requires a 100-nm-thick film of platinum underneath 
compound 1 to serve as the working electrode in a 
three-electrode electrochemical cell.5,6 This, in turn, requires 
an additional evaporation step during sample preparation. 
Furthermore, it introduces challenges for pattern transfer into 
the underlying substrate after patterning. This approach 
reduces the number of required steps, is more general, and 
has the potential to be integrated into conventional 
optical-projection lithography, where water immersion is typi­
cally used.15
Compound 1o closes its central ring under UV irradia­
tion, leading to a completely p-conjugated current path along 
the long axis of the molecule. Visible light irradiation of 
compound 1c opens the ring, breaking the conjugation length 
in half.16 The central fluorocarbon tether acts as a through- 
space electron density-withdrawing group and introduces a 
dipole in both isomers of compound 1. The longer 
p-conjugation length, i.e., larger conjugated electron density, 
in the closed form leads to a larger dipole moment than for
the broken p-system of the open form. This makes the 
closed-ring isomer 1c comparatively more polar and, there­
fore, more soluble in a polar solvent such as ethylene glycol.
To verify this selective solubility on the macro scale, we 
thermally evaporated a ^2 2  nm thick layer of compound 1 at 
100 °C and a base pressure of 1 x 10-6 Torr onto a clean sili­
con substrate and exposed half the sample to uniform illumina­
tion at k2 =  647 nm (CW Kr-ion, Coherent Innova 301C) for 
10 min with an output laser power of ^38  mW at an incident 
intensity of 2.15 mW/cm2. This converts half the sample to 1o 
while the other half remains as 1c. The entire sample was then 
immersed in 100%(wt.) ethylene glycol for time intervals 
ranging from 5 min to 105 min, as illustrated in Fig. S2 of the 
supplementary material.17 The remaining film thicknesses in 
both regions were measured with a Tencor P-10 profilometer 
after each immersion step. The results plotted in Fig. 2(a) con­
firm that while 1c is dissolved away, 1o remains mostly unaf­
fected even after 105 min of immersion. The dissolution rate 
of 1c is 0.0565 nm/min while that of 1o is negligible. The ratio 
of the dissolution rate of 1c to that of 1o is higher than 20:1.17
Figure 2(b) shows the atomic-force micrographs of three 
grating patterns that were created in ^29nm -thick film of 
compound 1 atop a silicon substrate. Using a Lloyd’s mirror 
interferometer, the samples were exposed to a standing wave 
of period 540 nm at k2 =  647 nm (incident intensity 
=  2.1 mW/cm2) for 647 s. The samples were immersed in 
100%(wt.) ethylene glycol for varying times. Subsequently, 
each sample was rinsed in deionized water and dried with 
N2. From these two plots, one can clearly see the agreement 
of the dissolution rates of the closed-ring isomer 1c, in the 
macro-scale (Fig. 2(a)) with that at the nanoscale (Fig. 2(b)).
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Development Time (mins) Development Time (mins) Exposure Time (mins)
FIG. 2. (a) Macro-scale solubility of 1c and 1o in 100%(wt.) ethylene glycol. (b) Relative solubility of 1c vs 1o at the nanoscale (Inset: atomic-force micro­
graphs of 3 development times). (c) Linewidth vs exposure time for a single exposure and development. The simulated curve is shown as a solid line while the 
experimental data are shown using solid squares. A  sinusoidal illumination with period 526nm  was assumed.
In order to explain these observations, Density- 
Functional Theory (DFT) calculations were performed with 
the B3LYP functional and a standard 6-31G(d) basis set. The 
molecular geometries of both 1o and 1c were first optimized 
to a thermodynamic ground state and the electronic proper­
ties of both compounds then calculated using the Gaussian 
software interface. The ab initio calculated dipole moments 
for the open (1o) and closed (1c) forms are 5.65 D and 13.39 
D, respectively. Details of this simulation are included in the 
supplementary material.17 The higher dipole moment of 1c 
indicates that the closed-ring isomer is more polar and, there­
fore, comparatively more soluble in polar solvents. Again, 
this calculated trend agrees with the experimental observa­
tions that the closed-ring form, 1c, is more soluble compared 
to the open-ring form, 1o, in polar ethylene glycol.
Assuming an incident sinusoidal illumination, we can 
readily simulate the resulting feature size. In Fig. 1(c), this 
feature size as a fraction of the period of the illumination 
(526 nm in our experiments), i.e., the duty cycle, is plotted as 
a function of the exposure time using the solid black line. 
The experimentally measured values are shown using 
squares. Using the exposure threshold as the only fitting pa­
rameter, we can show that this simple model can accurately 
explain our experimental results. The smallest experimen­
tally obtained duty cycle was 0.3, corresponding to a line­
width of ~158nm  or ~k/4. More precise control of the 
exposure time should enable even smaller features. Note that 
as the exposure time is increased, the simulation indicates 
that feature size should be reduced significantly below the 
far-field diffraction limit.
Since the photochromic film can readily recover to its 
original state upon exposure to UV, it is straightforward to 
extend the idea to multiple exposures. This is, of course, 
required for creating dense patterns.5 Here, we show feasibil­
ity of this approach by performing two exposures of the 
same standing wave, but with a ~45° rotation in between 
(Fig. 3). Each exposure was conducted on the Lloyd’s-mirror 
interferometer, with a standing wave of period, 540 nm at 
k2 =  647 nm (incident intensity =  2.1 mW/cm2) for 1 min.
After the first exposure, the sample was immersed in 
100%(wt.) ethylene glycol for 30 min and exposed to 
short-wavelength UV lamp (UVGL-25, Analytika Jena 
AG) for 3 min to convert the molecules to the original 
closed-ring isomer 1c. The sample was then rotated 
approximately 45° relative to the optics, and a second ex­
posure to the standing wave was performed. Again, the 
sample was immersed in 100%(wt.) ethylene glycol for 30 
min. After each development, the sample was rinsed in 
deionized water and dried with N2. The corresponding 
atomic-force micrograph resolves lines with spacing as 
small as ~260nm  or ~k/2.5, which is less than half of the 
period of the standing wave. The significant line-edge 
roughness evident in Fig. 3 (right) is likely due to the par­
tial oxidation of 1c under ambient condtions.6 Improving 
the uniformity of the patterns requires that the exposure 
and development process be conducted under an inert 
atmosphere.
In conclusion, we introduced an approach to sub-diffrac­
tion-limited nanopatterning using low light intensities that 
exploits the solubility difference between photoswitchable
526nm
I
i' ) \4r~ 260nm
FIG. 3. Experimental demonstration of a double-exposure. Left: Schematic showing orientation of sample for double-exposure using POST. Right: Atomic- 
force micrograph of the resulting pattern. The atomic-force micrograph reveals the smallest spacing between the features as ~260nm , which is approximately 
half the period of the illuminating standing wave.
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molecules and demonstrated the patterning of lines of width 
k/4. We have also demonstrated isolated lines with resolv­
able features as small as k/2.5, which is less than the far-field 
diffraction limit. This technique reduces the number of steps 
by avoiding an electrochemical oxidation as well as the 
requirement for a platinum working-electrode. Further opti­
mization of the exposure and immersion parameters should 
lead to significantly reduced feature spacings. By extending 
the approach to 2D and even 3D, patterns of complex geo­
metries may be readily patterned as well.
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1. Sample Preparation
The silicon substrates were cleaned by immersion in diluted hydrofluoric acid (HF:H2O = 
1:50) to etch away the native oxide layer and dried with N2. To remove any hydrophobic 
adsorbed contaminents, the surface was cleaned using Reactive Ion Etching (RIE) (Oxford 
Plasma Lab 80 Plus RIE). Oxygen gases were injected into the chamber through mass flow 
controllers with 200 W  RIE chuck power, 20mT chamber pressure, and flow rates of 50 
standard cubic centimeters per minute (sccm). After 1 minute etching, the surface was blown 
with nitrogen gas. The photochromic molecule was then thermally evaporated from an Al2O3 
boat at 100 degrees Celsius using a custom built low temperature thermal evaporator with a 
base pressure of 1x10-6 Torr and a deposition rate of ~1.32 A/second. After evaporation, the 
films were illuminated with short-wavelength UV lamp (UVGL-25, Analytika Jena AG) for 
3 minutes to fully convert the samples to the closed-ring isomer, 1c. The film thicknesses 
were then measured with a Tencor P-10 Profilometer measuring ~29nm.
2. Demonstration of effectiveness of dissolution method
To demonstrate the effectiveness of our method, we produced 1D-grating patterns fabricated 
by interference lithography. Figure S1 shows the characterization of different development 
times and exposure times as illustrated by the atomic-force micrographs for a ~22n m-thick 
film of compound 1 that was exposed to a standing wave X2 = 633nm wavelength (CW 05-
1
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LHP-151, Melles-Griot) of period 600 nm for 240 minutes and 314 minutes with an output 
laser power of ~2.7mW. As exposure to the polar solvent (100%(wt) ethylene glycol) is 
increased from 15 seconds to 60 seconds, one can clearly see the increased contrast. The lines 
are well defined with a width of about A/2.4 (265 nm) for an immersion time of 60 seconds 
for the 314 minutes exposure. As the immersion time is reduced to 30 seconds, the linewidth 
decreases slightly. When the immersion time is 15 seconds, it is clear that not all the closed- 
ring isomer, 1c, has been removed, which significantly reduces the contrast of the printed 
lines.
240 m inutes 314 m inutes
Fig. S1: Atomic force micrographs of isolated lines after various development times for 
exposure times of240mins and 314mins.
3. Density Functional Theory Calculations
The results of the density functional theory calculations of the two photochromic isomers 
is illustrated in Scheme S1.
open-ring isomer closed-ring isomer 
5.65 Debye 13.39 Debye
Scheme S1: Dipole moments o f the open (1o) and closed (1c) ring isomers of 
photochrome BTE. The dipole moment vectors are superimposed on the geometry- 
optimized molecular structures o f the respective isomers. Calculations were performed 





A schem atic of the experim ent to characterize the m acro-scale dissolution of com pound 1 




Fig. S2 : Schematic o f setup for dissolution o f compound 1 in 100%(wt) ethylene glycol.
The resulting plot showing the thickness of the layer rem aining as a function of 






D evelopm ent T im e (m inutes)
Fig. S3 : Plot o f thickness remaining o f the closed-ring, 1c, and open-ring, 1o, forms as a 
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Most of the nanoscale fabrication in the semiconductor industry is based on patterning with 
scanning-electron beam lithography (SEBL). Although this approach is very versatile and has very 
high resolution, it is intrinsically a serial writing process, and therefore, relatively slow. Our group 
has been investigating alternative nano-fabrication techniques, adapted from ideas of saturating op­
tical transitions such as those used in stimulated emission-depletion microscopy and related meth­
ods, and optical interference lithography. Linewidths and resolutions on the scale o f a few tens of 
nanometers and below are highly desirable for various applications in nanotechnology. However, 
the spatial resolution o f optical lithography is restricted by diffraction. In the past, we developed 
absorbance modulation to overcome this limit. This approach utilizes photochromic molecules that 
can be optically switched between two thermally stable states, one opaque and the other transpar­
ent. However, absorbance modulation is limited to surface (2-D) patterning. Here, we report on an 
alternative approach that exploits unique combinations of spectrally selective reversible and irre­
versible photochemical transitions to achieve deep subwavelength resolution with potential exten­
sion to 3-dimensions. This approach, which we refer to as patterning via optical-saturable 
transformations have the potential for massive parallelism, enabling the creation of nanostructures 
and devices at a speed far surpassing what is possible with SEBL. The aim of our research is to 
translate the success in circumventing Abbe’s diffraction limit in optical microscopy to optical 
lithography. ©  2014 AIP Publishing LLC. [http://dx.doi.org/10.106371.4902024]
Cross Mark
Today the role of optical lithography is o f key impor­
tance in the fabrication of nanoscale structures, with particu­
lar relevance to the semiconductor industry, however, it is 
limited by diffraction. Advancements in alternative optical 
lithography techniques that circumvent this diffraction 
limit will enable applications of nanopatterning, such as 
3-dimensional fabrication of nanostructures for biological 
applications. In this article, we review a class o f optical lith­
ographic techniques that achieve deep sub-wavelength reso­
lution using photoswitchable molecules. We call this 
approach Patterning via Optical-Saturable Transformations 
(POST).1
In POST, a thin layer of photochromic molecules is used 
as the pattern-recording material. The principle of operation 
is related to nanoscale fluorescent imaging where the sam­
ples are labeled with photoswitchable fluorophores such as 
in stimulated emission-depletion (STED) microscopy.2 In 
STED, a focused round spot first excites the fluorophores in 
a diffraction-limited region (Fig. 1(b)). Subsequently, a 
focused ring-shaped spot at a longer wavelength de-excites 
the molecules through stimulated emission in this region 
except at the center of the ring (Fig. 1(c)). Only fluorophores 
in the center o f the ring remain in the excited state and spon­
taneously emit photons (Fig. 1(d)). This light-emitting region 
can be substantially smaller than the far-field diffraction 
limit. In nanopatterning, a “ locking” step is necessary to fix the 
sub-wavelength region, and isolate it from further optical proc­
essing. The photochromic molecule used in POST exists in
a)Email: cantu@eng.utah.edu
two isomeric states. One of the isomers may be selectively and 
irreversibly converted (“ locked” ) into a 3rd state (Fig. 1(e)). 
An illustration of the sequence of steps in POST is shown in 
Figs. 1(f)-1(p).
The photochromic layer is originally in one homogeneous 
state as shown in Fig. 1(f). When this layer is exposed to a 
focused node at k2, it converts into the second isomeric state 
(shown in red) everywhere except in the near vicinity of the 
node. By controlling the exposure dose, the size of the uncon­
verted region may be made arbitrarily small (Fig. 1(h)). A sub­
sequent locking step “ locks” in the pattern (Fig. 1(i)). Next, 
the layer is exposed uniformly to k1, which converts every­
thing except the locked region back to the original state (shown 
in white in Fig. 1(k)). The sequence of steps may be repeated 
with a displacement of the sample relative to the optics, result­
ing in two “ locked spots” whose spacing is smaller than the 
far-field diffraction limit (Fig. 1(p)). Therefore, any arbitrary 
geometry may be patterned in a “dot-matrix” fashion.
It is clear from the previous discussion that the locking 
step is the key difference between nanoscopy and nanoscale 
patterning. We have pursued two alternative paths to achieve 
this locking behavior. Clearly, the molecule that is used 
for recording will determine the specific approach. In our 
examples, we used a diarylethene molecule, specifically 
(1, 2-bis(5, 50-dimethyl-2, 20-bithiophen-yl) perfluorocyclo- 
pent-1-ene. Colloquially, we refer to this compound as BTE. 
BTE exists in two isomeric forms as illustrated in Fig. 2(a).
The closed-ring isomer has an extended conjugation of 
its p electron cloud, which allows the closed-ring isomer to 
have a lower oxidation potential than the open-ring isomer.3
0003-6951/2014/105(19)/193105/5/$30.00 105, 193105-1 ©2014 AIP Publishing LLC
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FIG. 1. (a)-(d) Schematic o f stimulated- 
emission-depletion microscopy. (e)-(p) 
Schematic of POST.
Our first approach to “ locking” therefore relies on the selec­
tive oxidation of the closed-ring isomer.
The locking step is achieved by electrochemical oxida­
tion o f the closed-ring isomer into a stable cation. This prod­
uct cation is preferentially soluble in a polar solvent 
compared to the unoxidized isomers. Therefore, it allows us
to convert the locked regions into topographic nanoscale pat­
terns after all the exposures are completed. The idea is illus­
trated in Fig. 2(b).
The sample is comprised of a clean silicon wafer onto 
which a 100nm-thick film of Pt is evaporated. Subsequently, 
about 20 nm o f BTE is thermally evaporated on top of the Pt.
(b)







( 3 )  development in 
5 (wt%) isopropanol & 
95 (wt%) ethylene glycol
open-nng
isomer
FIG. 2. (a) Schematic o f photochromic 
molecule (BTE) used in POST. (b) 
Electrochemical oxidation as the lock­
ing step in POST. (c) Isomer-selective 
dissolution as the locking step.
(c)
1 J exposure to 
interference pattern
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Prior to use, all the BTE is converted into the closed-ring 
form. In step 1, the sample is exposed to a standing wave at 
a visible wavelength (k2 =  633 nm), where all the BTE is 
converted to the open-ring form except in very narrow lines 
near the vicinity o f the nodes of the standing wave. For a 
single-exposure experiment, the sample is then placed in an 
electrochemical cell and oxidized at about 0.5 V. This con­
verts only the closed-ring isomer into a cation, while the 
open-ring isomer is unaffected. Finally, in step 3, the sample 
is developed in a mixture of 95 (wt. %) ethylene glycol and 5 
(wt. %) isopropanol, which dissolves away the cations. Most 
o f the unoxidized BTE remains. This results in nanoscale 
grooves as illustrated. The width of these grooves is no lon­
ger determined primarily by the far-field diffraction limit 
(which in this case should be half the period o f the exposing 
standing wave). The details of this experiment and related 
approaches have been described previously by Brimhall 
et al. and Cantu et al.1,4
An alternative approach to the locking mechanism has 
also been identified. The idea is based upon the selective dis­
solution o f one of the isomers of the BTE. This has the 
advantage o f not requiring a conductive Pt layer, which 
might be problematic in some devices. Also, it combines the 
two steps of locking and development into a single dissolu­
tion step. The idea is illustrated in Figure 2(c).
We have recently realized that two isomers o f BTE have 
drastically different solubility rates in ethylene glycol. 
Hence, it allowed us to realize preliminary experimental 
results from this approach.5
We have recently developed a simple model to describe 
POST, which allows us to explain the observed experimental 
results well. The salient features of this model and related 
simulation analysis are summarized here.
The geometry of the problem is illustrated in Fig. 3(a). 
The propagation of light is from top to bottom (in the posi­
tive Z  direction). A  two-dimensional geometry is assumed. 
This is consistent with our experiments, where a 1-D stand­
ing wave is used for exposure. The chemical rate equation
for the reaction from the closed-form [C] (which is the initial 
form of all molecules) to the open-form [O] is given by
-  =  [ C ] ls c /c !O  -  [O ]/M (1)
where [C] and [O] are the molar concentrations of the closed 
and open form isomers, respectively, e is the molar absorp­
tivity, /  is the quantum efficiency, and /  is the intensity of 
the exposure. The differential form of the Beer-Lambert law 
gives us the following equation:
@Z = - ( e o [ O ] +  ec[C ])/.
From conservation o f matter, we have
[O] +  [C] =  [C0].
(2)
(3)
[c 0] is the initial concentration of the closed form (the 
only form present at the beginning). The boundary condition 
is /(x, z =  0, t) = / 0(x), the incident illumination intensity 
and the initial condition are [C0](x, z, t =  0) =  [C0]. For 
BTE, we can make the further assumption that / O!C is 0, 
since visible photons do not have sufficient energy to initiate 
the ring-closing reaction. Since eO ^  ec , we can ignore eO 
in the system o f equations as well. We can solve the resul­
ting system of partial differential equations using standard 
finite-element methods as a function of space (x,z) and 
time (t).
A  representative solution for the concentration distribu­
tions of open- and closed-ring isomers as a function of depth 
is illustrated in Fig. 3(a). A standing wave o f period 600 nm 
and k2 =  633 nm was assumed for the incident illumination. 
Material parameters were all used from Andrew et a l6 The 
thickness of the BTE layer was assumed to be 50 nm.
The electrochemical oxidation of BTE proceeds along 
two different paths as illustrated below. The closed-ring 
isomer oxidizes to a stable cation. The open-ring isomer oxi­
dizes to a meta-stable state that can undergo photocyclization 
reaction and form the closed-ring isomer.3 Here, we model 
these two reactions with four rate equations, Fig. 3(b)
(a)
* x  [O] [C]










[O] —► [O] — ► [C] [C] — ► [C]
oxidized
410nm
FIG. 3. (a) Model for simulating the exposure step. An example o f the out­
put of the simulation showing the relative concentrations o f the two isomers 
within the layer. Scale bar represents normalized concentration of closed- 
ring isomer. (b) Electrochemical oxidation of the two isomers o f BTE. (c) 
Normalized concentration o f the oxidized-closed form of BTE. Oxidation 
was performed after the exposure in (a).
@[oT
dt
=  k1[O ]- k[[O]*,
@[C]+
dt =  k2[C],
d C  =  -k ,[c| + k ;iO ]* :
d O  =  -k .[O l.dt
The solutions for this system of rate equations is
[O] =  [O0 ]e-k1t,
[O]* =  e-k‘ ({1 -  e-(k1-k1> },
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FIG. 4. Full-width at half-maximum of a developed line as a function o f ex­
posure dose. The exposure conditions were the same as in Fig. 3(a) except 
the period o f the standing wave, which was 610nm.
k, k0 
[C] =  [Q,]e—k2t + , 1 e - k2‘
k1 — k'1
1 _  e—(k1—*2)  1 _  e —(ki—k2)t 
k'i — k2 ki — k2
[C]+ =  [Co] +  [Oo] — ([C] +  [O] +  [O]*).
(10)
(11)
The last equation comes from the conservation of matter. 
Note that the subscript 0 refers to the concentration after expo­
sure and prior to oxidation. Figure 3(c) shows an example sim­
ulation that illustrates the concentration distribution of the 
oxidized closed form. The rate constants need to be experi­
mentally determined. Our previous work elucidated some of 
these rate constants.1 In the simulations here, we assumed that 
k1 =  3 x 10—4min—1 and k2 =  1.4 x 10—2min—1. Since the 
rate o f oxidation o f the closed form is over 2 orders of mag­
nitude higher than that of the open form, we can ignore k1. 
Furthermore, if the oxidation is performed for a time that is 
substantially larger than j-, all the closed form will be 
oxidized without oxidizing any o f the open form. This is 
consistent with Fig. 3(c), where the distribution of the 
closed-oxidized form is almost identical to the distribution 
o f the closed-form in Fig. 3(a).
For simplicity, we assumed that the unoxidized forms 
are not dissolved in the developer, while the closed-
oxidized form is completely dissolved. This is a good 
approximation as described earlier in Brimhall et al.1 
Therefore, one would expect the final feature profile within 
BTE to resemble Fig. 3(c), where the red regions are 
removed after development. Indeed, we reported in 
Brimhall et al. that careful scanning-electron microscopy 
o f the developed lines reveal a clear undercut as predicted 
by the simulations here.1
One important point to note is that the simulation model 
described here can be used to model POST with either lock­
ing approaches. In the case o f locking using solubility differ­
ences, the oxidation simulation is not required. We can see 
that Figs. 3(a) and 3(c) look almost identical. This suggests 
that in both locking approaches, one can use only the expo­
sure model as long as the electrochemical oxidation is per­
formed long enough and the solubility difference between 
the open and closed forms is large.
We applied the model developed in Modeling and 
Simulation section to elucidate several key aspects of 
POST. First, one would expect the linewidth of the devel­
oped feature to decrease with exposure dose, since the fea­
ture is defined via the optical node. Figure 4 shows the 
simulation o f the full-width at half-maximum (FWHM) of a 
developed line as a function of exposure dose to the optical 
standing wave. A steep decrease is seen and the FWHM 
continues to decrease monotonically with increasing expo­
sure dose.
It is clear that the darkness of the optical node is critical 
for high contrast in POST. This idea is illustrated by simulat­
ing the effect of exposure on a BTE film by a standing wave 
with a perfect node (on the left) and an imperfect node (on 
the right) in Fig. 5. As the exposure time increases (top to 
bottom), for both cases, the region that remains in the closed 
form gets smaller. This is consistent with Fig. 4 . However, 
for the imperfect node, noise in the node starts to convert 
some o f closed form into the open form, which degrades the 
image o f the patterned region. Eventually, this limits the 
resolution o f the technique.
In this paper, we briefly reviewed the approaches that 
are enabling optical nanopatterning beyond the far-field 
diffraction limit. The basic principle is inspired by the 
idea o f saturating an optical transition with a focal ring, 
which has been implemented in microscopy. However, in 
order to extend this principle to patterning, a “ locking” 
mechanism is required. We described two distinct 
approaches to this locking mechanism. We also developed
incident standing wave
Perfect node
closed starts getting 
converted to open
33% (of peak) noise in node
FIG. 5. Simulation o f BTE isomer dis­
tribution after exposure for a standing 
wave with a perfect node (on the left) 
and for the same standing wave with a 
node containing noise intensity of 
about 33% of the peak intensity.
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a simple model that simulates the steps and discussed the 
impact o f the key parameters, particularly the quality of 
the node.
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Abstract
This protocol describes the fabrication and characterization of nanostructures using a novel nanolithographic technique called Patterning via 
Optical Saturable Transitions (POST). In th is technique the chemical properties of organic photochrom ic m olecules that undergo single-photon 
reactions are exploited, enabling rapid top-down nanopatterning over large areas at low light intensities, thereby, allow ing fo r the circum vention of 
the far-field diffraction barrier.4  Simple, cost-effective, high throughput and resolution alternatives to nanopatterning are being explored, such as, 
two-photon polym erization5,6, beam pen lithography (BPL)7, scanning electron beam lithography (SEBL), and focused ion beam (FIB) patterning. 
However, multi-photon approaches require high light intensities, which limit the ir potential for high throughput and offer low image contrast. 
Although, electron and ion beam lithographic processes offer increased resolution, the serial nature o f the process is limited to s low writing 
speeds, which also prevents patterning of features over large areas. Beam-pen lithography is an approach towards parallel near-field optical 
lithography. However, the gap between the source o f the beam and the surface of the photoresist needs to be controlled extremely precisely for 
good pattern uniform ity and th is is very challenging to accom plish fo r large arrays o f beams. Patterning via Optical Saturable Transitions (POST) 
is an alternative optical nanopatterning technique fo r patterning sub-wavelength features1-3. Since this technique uses single photons instead of 
electrons, it is extrem ely fast and does not require high light in tensities1-3, opening the door to massive parallelization.
Video Link
The video com ponent o f th is article can be found at http://www.jove.com/video/52449/
Introduction
Optical lithography is of key im portance in the fabrication of nanoscale structures and devices. Increased advancem ents in novel lithography 
techniques has the ability to  enable new generations of novel devices .8 - 1 1  In th is article, a review is presented o f a class o f optical lithographic 
techniques that achieve deep sub-wavelength resolution using novel photoswitchable molecules. This approach is called Patterning via Optical- 
Saturable Transitions (PO ST ) . 1 - 3
POST is a novel nanofabrication technique that uniquely com bines the ideas of saturating optical transitions of photochrom ic molecules, 
specifically (1,2-bis(5,5’-dim ethyl-2,2 ’-bith iophen-yl))perfluorocyclopent-1-ene. Colloquially, th is compound is referred to as BTE, F igu re  1, such 
as those used in stim ulated em ission-depletion (STED) m icroscopy12, w ith  interference lithography, which makes it a powerful tool fo r large-area 
parallel nanopatterning o f deep subwavelength features onto a variety o f surfaces w ith potential extension to 2- and 3-dimensions.
The photochrom ic layer is orig inally in one homogeneous state. W hen th is  layer is exposed to a uniform illum ination o f A1 , it converts into the 
second isomeric state (1c), F igu re  2. Then the sam ple is exposed to a focused node at A2 , which converts the sam ple into the first isomeric 
state (1o) everywhere except in the near vicin ity o f the node. By controlling the exposure dose, the size of the unconverted region may be made 
arbitrarily small. A  subsequent fixing step of one o f the isomers may be selectively and irreversibly converted (locked) into a 3rd state (in black) 
to lock the pattern. Next, the layer is exposed uniform ly to A1 , which converts everything except the locked region back to  the original state. The 
sequence of steps m ay be repeated with a displacement o f the sam ple relative to the optics, resulting in two locked regions whose spacing is 
sm aller than the far-field diffraction limit. Therefore, any arbitrary geometry may be patterned in a “dot-matrix” fashion. - 3
Protocol
NOTE: perform all the following steps under cleanroom class 100 conditions or better.
jgve
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1. Sample Preparation
1. Clean a 2” diam eter silicon w afer with Buffered O xide Etch (BOE) solution ( 6  parts 40% NH4 F and 1 part 49% HF) fo r 2 min (C au tion : 
H azardous chem ica ls ). Choose this etch tim e to  remove any organics or contam inants on the surface. Rinse with deionized (DI) water for 
approxim ately 5 min. Dry w afer with dry N 2 .
NOTE: Never wo rk alone when using HF. A lways wears eye protection with face shield and personal protective equipm ent (PPE) in case of 
spills. Post guidelines for the use and handling of HF waste in the lab where the etching is performed.
NOTE: Steps 1.2 to  1.7 are for electrochemical locking  only. If perform ing locking via dissolution proceed to Step 2.
2. To lay down the working electrode, sputter 100 nm of Platinum (Pt) onto the clean 2” diam eter silicon wafer.
3. Before etching the platinum thin film, clean the RIE cham ber o f any im purities or le ftover photoresist from previous dry etches.
4. Pump down the cham ber until a base pressure o f 1 *  10' 5  Torr is achieved. Make sure that the RF power is set to 200 W  and the flow rates 
for the oxygen and argon are set to 50 sccm and 10 sccm respectively. Ignite the Ar/O 2  plasma and run fo r at least 1 hr.
5. Turn off the Ar/O 2  plasma and allow the cham ber vent for approxim ately 10 min.
6 . To etch the platinum thin film surface, load the sam ple into the RIE cham ber and pump the cham ber down to a base pressure o f 1 *  10' 5  Torr. 
This time set the argon flow  rate to 0 sccm. Ignite the O 2  plasma and let this process run fo r 30 min.
7. Turn off the O 2  plasma and let the cham ber vent fo r 10 min.
2. Thermal Evaporation of Photochromic Molecule Using Custom Low Temperature 
Evaporator (LTE)
1. Fill A lO 2  boat with 30 mg of BTE and load into custom LTE source (F igu re  6 ).
2. Load silicon w a fer into sam ple mount.
3. Seal cham ber ports and pump cham ber down to a base pressure o f 1 x 10' 6 Torr.
4. Evaporate the BTE at a setpoint temperature of 100 °C, with a film  thickness of 30 nm.
5. Immediately after evaporation, flood illum inate the sam ple to 5 min of UV to transform the BTE material to the closed form, 1c.
6 . In order to  define the sam ple size, cleave a small piece o f the wafer using a diamond scribe to scratch a line from the edge o f the silicon 
surface. Grab the w afer on both sides of the scratch line and bend the w afer downwards until it breaks along the crystal plane.
7. Perform profilometer m easurem ents to validate BTE thin film  thickness. To do this, scratch the sam ple using a fine edge tweezers. Measure 
the step height from this scratch, which is the difference in height between the right and left cursor position.
NOTE: Inaccuracies in film  thickness w ill result in discrepancies in exposure dose.
8 . Store remaining sample in N 2  filled glovebox.
3. Exposures
NOTE: Perform all exposures under inert atmosphere conditions to prevent degradation of sample.
1. C leave the sam ple by following the same procedure as outlined in step 2.6.
2. Load sample in inert atmosphere sam ple holder.
3. Mount inert sam ple holder on stage. Purge sam ple with N2 .
4. Expose the sam ple to  the desired exposure tim e using an interferometer, such as the one shown in F igu re  8 .
4. Electrochemical Oxidation Using Three Electrode Cell
NOTE: Perform electrochem istry under inert atm osphere conditions to prevent degradation o f sample.
1. C lamp a clean glass vial on top o f the hot plate. Place a clean stirring bar in the vial. Turn on the stirrer.
2. Clean a new copper clip with methanol. C lean the platinum counter electrode with methanol.
3. Using a clean copper clip, clip the sam ple through one o f the holes in the Teflon vial cap. Make sure to clip onto the exposed platinum only.
4. Place the Teflon vial cap onto the vial. C lip the red lead onto the platinum counter electrode and the black lead onto the copper clip holding 
the sample.
5. Using a clean syringe, fill the vial with filtered deionized (DI) w a ter through the second hole in the Teflon vial cap. Fill as high w ithout 
immersing any of the bare platinum on the sample.
6 . Bubble nitrogen through the w ater fo r 3-5 min. Turn off the nitrogen.
7. Place the reference electrode in the second hole in the Teflon vial cap. Clip the white lead onto the reference electrode. Check to make sure 
none of the bare platinum on the sample is immersed.
8 . Using a voltam m ograph, set the oxidation voltage to 0.5 V/sec.
9. A fte r the desired oxidation time has elapsed, turn the pow er to the voltam m ograph off.
10. Remove the red, black, and white clips from the platinum counter electrode, copper clip, and reference electrode.
11. Expose the sam ple to UV fo r 5 min.
5. Sample Development — Electrochemical Locking
NOTE: Perform developm ent under inert atm osphere conditions to prevent degradation of sample.
1. Develop the sam ple in filtered 5 (wt%) isopropanol, 95 (wt%) ethylene glycol fo r the desired am ount o f time. Note: Typically 50 nm samples 
are developed fo r 30-60 sec while 80 nm sam ples are developed fo r 60-180 sec.
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2. Dry sample with dry N 2 .
3. Immediately expose sample to  5 min o f UV.
6. Sample Development — Dissolution Locking
NOTE: Perform developm ent under inert atm osphere conditions to prevent degradation of sample.
1. Using 100 ml o f ethylene glycol in a clean glass beaker, develop the exposed sam ple for the desired developm ent time.
2. Dry sample with dry N 2 . Immediately expose sam ple to 5 min o f UV.
7. Multiple Exposures
1. If perform ing multiple exposures repeat steps 3-6 with a translation o f the sam ple relative to the optics.
Representative Results
Fab rica te d  sam p le s :
Different oxidation tim es were characterized as illustrated by the atom ic-force m icrographs in F igu re  3 at an oxidation voltage of 0.85 V 
determ ined from  cyclic voltammetry. The 50 nm -thick film s were exposed to  a standing wave at A = 647 nm of period 400 nm fo r 60 sec at a 
power density of 0.95 mW/cm 2. As the oxidation tim e is increased from 10 min to 25 min, one can clearly see a loss of contrast as som e of the 
regions comprised of 1o get oxidized as well. The developer (5 (wt%) isopropanol: 95 (wt%) ethylene glycol) d issolves all oxidized portions. 
Larger oxidation tim es result in uneven line and increased surface non-uniform ities after development. Therefore, a careful choice of the 
oxidation conditions is critical to  patterning high-quality nanostructures . 2
The higher dipole moment o f the closed form of the molecule, 1c, as com pared to the open form, 1o, allows for the closed form to  be more 
soluble in polar solvents. This is represented in F igu re  4, where half o f the sam ple was converted to  the closed form, 1c, and the other half was 
converted to the open form, 1o. The sam ple was then developed in 100 (wt%) ethylene glycol fo r several different developm ent tim es and then 
the thickness of the film remaining was measured using a profilometer. From th is graph the high selectivity of the dissolution locking  step is seen. 
To remove the residual layer o f the closed form, 1c, a reactive ion etching (RIE) process as used in nanoim print lithography could be used . 1 3
Since the photochrom ic film  can readily recover to its original state upon exposure to UV, it is straightforward to extend the idea to multiple 
exposures. This is, o f course, required fo r creating dense patterns. Here, the feasib ility of th is approach is shown by perform ing two exposures of 
the sam e standing wave, but with a ~45° rotation in between (F igu re  5). Each exposure was conducted on the L loyd’s-m irror interferometer, with 
a standing wave o f period, 540 nm at A = 647 nm (incident intensity ~2.1 mW/cm ) for 1 min. A fter the first exposure, the sam ple was immersed 
in 100 (wt%) ethylene glycol fo r 30 min and exposed to  short-wavelength UV lamp for 5 min to convert the molecules to the original closed-ring 
isom er 1c. The sample was then rotated approximately 45° relative to the optics, and a second exposure to the standing wave w as performed. 
Again, the sam ple w as immersed in 100 (wt%) ethylene glycol for 30 min. A fte r each development, the sam ple was rinsed in deionized w ater and 
dried with N2 . The corresponding atom ic-force m icrograph resolves lines with spacing as small as ~260 nm or A/2.5, which is less than half o f the 
period o f the standing w ave . 3
To verify the efficacy o f the sample holder, several exposures were performed to  see if the line edge roughness had improved. Assuming an 
incident sinusoidal illumination, the resulting feature size can be readily simulated. In F igu re  7, th is feature size is plotted as a function of the 
exposure time using the solid blue line. The experim entally measured values are shown using crosses. Using the exposure threshold as the only 
fitting parameter, it is shown that th is sim ple model can accurately explain our experimental results. The smallest experim entally obtained feature 
size w as ~85 nm, corresponding to a linewidth o f ~A/7.4. More precise control o f the exposure tim e should enable even sm aller features. Note 
that as the exposure tim e is increased, the simulation indicates that feature size should be reduced significantly below the far-field diffraction 
limit. From the scanning electron m icroscope (SEM) images, it is shown that the line-edge roughness has improved with the use of the inert 
atmosphere sample holder.
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F igure  1. O rg a n ic  p h o to c h ro m ic  m o le cu le  s tru c tu re . Com pound 1 exists in open form, 1o and the closed form, 1c. Electrochemical oxidation 
selectively converts 1 c  to 1 ox.
F igure  2. PO ST te ch n iq u e . Exposure and patterning “ locking” steps required fo r recording feature. (A) Electrochemical oxidation. (B) 
D issolution of one photoisomer.
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F igure  3. Iso la ted  fe a tu re s . A tom ic force m icrographs of lines after developm ent for sam ples at various oxidation times. Thin-film  thickness 
of ~50 nm. Reprinted with permission from [Cantu, P, e t a l. Subwavelength nanopatterning of photochrom ic diarylethene films. App. Phys. Le tt. 
100(18), 183103]. Copyright [2012], AIP Publishing LLC. Please click here to  v iew  a larger version of th is  figure.
F igu re  4. D is s o lu tio n  rate . This figure shows the Macro-scale solubility o f 1c and 1o in 100 (wt%) Ethylene glycol. Thin-film  thickness o f ~29 
nm. Reprinted with perm ission from [Cantu, P, e t a l. Nanopatterning o f diarylethene film s via selective dissolution of one photoisomer. App. 
Phys. Lett. 103(17) 173112]. Copyright [2013], AIP Publishing LLC.
Copyright ©  2014 Journal of Visualized Experiments December 2014 | 94 | e52449 | Page 5 o f 8
88
F igure  5. E xp e rim e n ta l d e m o n s tra tio n  o f  a d o u b le -e xp o su re . Le ft: Schematic showing orientation of sam ple fo r double-exposure using 
PO ST R igh t: A tom ic force m icrograph o f the resulting pattern. The atom ic force m icrograph reveals the sm allest spacing between the 
features as ~260nm, which is approxim ately half the period o f the illum inating standing w ave .3  Reprinted with perm ission from [Cantu, P., et 
a l. Nanopatterning of diarylethene film s via selective dissolution of one photoisomer. App. Phys. Le tt. 103(17) 173112]. Copyright [2013], AIP 
Publishing LLC. Please click here to  v iew  a larger version of th is  figure.
F igu re  6 . C u s to m  evap o ra to r. Image of the low tem perature thermal evaporator (LTE) used in the POST technique . 2 Reprinted with permission 
from [Cantu, P., e t a l. Subwavelength nanopatterning of photochrom ic diarylethene films. App. Phys. Le tt. 100(18), 183103]. Copyright [2012], 
AIP Publishing LLC.
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F igure  7. L in e w id th  vs  e xp o su re  t im e  fo r  a s in g le  d e ve lo p m e n t and expo su re . The incident simulated sinusoidal illum ination is shown as 
a solid blue line, while the experimental data is shown using crosses. A sinusoidal illum ination with period of 457 nm was assumed. Inset: SEM 
images. Please click here to v iew  a larger version of this figure.
F igu re  8 . S ch em a tic  o f  th e  M ach -Z ehnd e r in te r fe ro m e try  s e tu p  used fo r  exp o su re s . The first half-wave plate is used to control the power in 
each arm. The second half-wave plate is used to control the polarization.
Discussion
The fabrication, experimental setup and related operational procedures o f Patterning via Optical Saturable Transitions (POST) have been 
described. By exploiting the linear switching properties o f therm ally stable photochrom ic molecules, POST offers new perspectives on 
circum venting the far-field diffraction lim it.1- ,4
Previously long-term storage requirem ent of the sam ples was solved by storing the sam ples under N 2 , d irectly after the initial evaporation . 2 
However, the significant line-edge roughness evident in the gratings, F igu res  3 and 5, is likely due to the form ation o f oxidized products of 1c in 
the presence of air . 2 Improving the uniform ity of the patterns requires that the exposure and developm ent process be conducted under an inert
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atmosphere. To address the exposures done in am bient conditions, a custom inert atmosphere sam ple holder w as designed and fabricated. The 
sam ple holder needed to provide a rigorous inert gas blanketing of the air-sensitive BTE in closed form, 1c and maintain an excellent seal fo r 
sufficient time to obtain the appropriate exposure conditions. The holder w as configured so that it could be easily modified fo r various optical 
configurations.
One w ay to address the exposure o f the sam ple to atmosphere would be to design and fabricate an in -s itu  setup. The main goal of in-situ  
experimentation in both the electrochemical and dissolution method is perform ing the exposure, electrochemical oxidation, and developm ent in 
an O 2  purged environment. Having the experiments performed in -s itu  would aid in the yield and quality o f the desired nanostructures.
Currently the extension of this super-resolution technique, POST, to 3-dimensions, which would provide a promising approach to nanofabrication 
of nanoporous scaffolds, which act as supports fo r the initial cell attachment and subsequent tissue form ation in biological tissue engineering 
(TE) is being investigated. The nanolithographic technique used to fabricate these initial scaffolds must produce a high yield and be at a low cost 
in order to produce any significant im pact. 1 4
There are, however, som e lim itations to the POST technique. The need fo r a separate locking m echanism (electrochem ical o r dissolution) 
requires an im m ersion-type setup. This could add associated com plexities and cost if performed in -s itu . Also, the need fo r a platinum layer for 
the electrochemical locking step (see S tep  1.2) m ight preclude som e already patterned substrates or devices. The organic compound (BTE), 
which is used as the recording medium, requires a relatively com plex synthesis, which may add to the cost of the technique initially. However, 
w ith increased volumes, the cost should decrease.
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Materials
Name Company Catalog Number Comments
Isopropanol Fisher Scientific P/7500/15 CAUTION: flammable, use good 
ventilation and avoid all ignition 
sources.
Buffered O xide Etch
Methanol Ricca Chemical 48-293-2 CAUTION: flammable, use good 
ventilation and avoid all ignition 
sources.




Tweezers Ted Pella 5226
Reactive Ion Etching System Oxford Plasm a Lab 80 Plus
Inert Atm osphere Sam ple Holder Proprietary In-house Designed
Polarizing beamsplitter cube Thorlabs PBS052
HeNe Laser Melles Griot 25-LHP-171 CAUTION: W ear safety glasses
Half-wave plates Thorlabs W PH05M -633
Thermal Evaporator Proprietary In-house Designed
TM V Super TM Vacuum Products TM V Super
Voltamm ograph Bioanalytical Systems CV-37
Shortwave UV lamp 365 nm UVP Analytik Jena Company UVGL-25 CAUTION: W ear UV safety glasses
jgve
Copyright ©  2014 Journal of Visualized Experiments Page 1 o f 1
CHAPTER 10
NANORESOLUTION VIA  
NANOTRANSLATION 
(NRNT)
10.1 Principle of NRNT
This chapter describes a method for creating and imaging nanoscale patterns using 
long-wavelength photons and systems that utilize this method. This is enabled by pho- 
toswitchable materials that can be toggled in a repeatable and robust fashion between 
two distinct states by exposure to two distinct wavelengths of light (or other external 
stimuli). While stepping (or scanning) the sample in between exposures by exploiting 
the extreme precision that is now available in mechanical translation, one can design 
illumination patterns that erase previous exposures, thereby creating patterns that are 
far smaller than the diffraction. Such patterns may be fixed for patterning or imaged 
for microscopy as described here. Nowadays, once can displace a piezoelectric stage by a 
few nanometers with an absolute precision of a few picometers. Such a capability when 
combined with the photoswitchability of photochromic molecules allows one to potentially 
create sub-10nm nanostructures with just visible and near-UV light.
Optical imaging and patterning are limited by the far-field diffraction limit. This means 
that it is not possible to image patterns or create patterns that are spaced by a distance 
closer than ~A/2, where A is the wavelength of the illumination. Significant effort is 
currently being made to overcome this limit via fluorescence switching for microscopy and 
by photoswitchable molecules for lithography. Here, we propose to extend these approaches 
with a simple modification, which considerably simplifies the entire process.
An example of the basic scheme of switching the recording material between 3 states, A,
B, and C, is shown on the top in Figure 10.1. When material in form A  absorbs a photon 
of wavelength Ai, it turns into form B. When form B absorbs a photon of wavelength A2 , 
it turns back to form A. Form B can be selectively converted in an irreversible manner
93
to form C via a locking step. This could be achieved in many ways including using a 
photochemical reaction, electrochemical oxidation, chemical oxidation, or simply dissolving 
it away or other means.
The sequence of steps that allows for sub-diffraction-limited patterning is shown in the 
bottom of Figure 10.1. In this example, we begin in step 1 with a substrate (not shown) 
that is coated with the material all in form B. In step 2, this is exposed to a standing 
wave at A2, which results in interspersed regions of B and A  as shown. Note that the 
particular shape of the illuminating wave can be substantially different as long it results in 
some interspersed pattern of A  within B. Also, we have only shown a 1D representation 
of the process. Later, we will show examples of the 2D and 3D processes as well. In step
3, the substrate is moved relative to the illumination by and the exposure is repeated. 
The second illumination is shown to be the same as in step 2, but it can be substantially 
different. The objective is to result in sub-diffraction-limited regions of B interspersed in 
A  as shown. The width of the B region is approximately given by P/2 i^ in this example, 
where P is the period of the standing wave. In step 4, the locking mechanism is invoked to 
convert all B regions to C. In step 5, a uniform exposure to A1 converts all material (except 
those that are locked into C) back into form B. In step 6, the sample is displaced relative 
to the illumination so as to convert regions surrounding C into A. In step 7, the sample is 
displaced relative to the illumination by 52 as shown and the exposure is repeated. Note 
that this results in a small region of B that is placed next to the first C region with a spacing 
that is determined primarily by the difference between the displacements 51 and S2. Since 
mechanical displacement can be far more accurate and precise compared to the diffraction 
limit, sub-diffraction-limited patterning is achieved. In step 8, regions in B are locked to
C. The steps 6-8 are repeated until the desired pattern geometry is achieved. Note that 
by changing the relative displacement, it is possible to change the spacing between each C 
region in an arbitrary manner. Furthermore, although we have shown a periodic pattern 
in our example, it is obvious that any pattern (nonperiodic or periodic) could be used as 
long as we can create a pattern of A  and B regions. As a last step, the regions in C could 
be dissolved away to result in topographical patterns. It is also possible to dissolve away 
regions of A  or B while allowing C to remain (not shown in our example).
Figure 10.2 shows the details of the steps 2 and 3. The sample is displaced relative to 
the illumination by a distance, D. Then, the second exposure converts much of the B to 
A  except at the right edge (in this example). By making D close to P/2, substantially 
narrow regions of B can be formed. We assumed a simple threshold model for exposure
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in this example. This means that those regions that receive energy (dose) higher than the 
threshold are completely converted into the A  form, while those regions that receive energy 
(dose) below this threshold remain in the original form (A  or B). In practice, the threshold 
may not be so binary and a transition region that is a mixture of A  and B will exist at the 
boundaries between the two regions. The normalized image slope at the pattern boundary 
will primarily determine this transition region. This is analogous to conventional optical 
lithography.
It is also possible to pattern patterns with many different linewidths in one exposure- 
displacement-exposure cycle as illustrated in Figure 10.3. In this example, we constrained 
the illumination to standing waves, which are relatively easy to generate. But any other 
waveform (or set of waveforms) periodic or not may also be used. In this example, we adjust 
the period and the relative phase shift between the two illuminations to result in a final 
pattern that has a combination of very narrow regions and wide regions. Any arbitrary 
pattern can be decomposed into sinusoids and techniques as proposed here can be applied. 
Note that the width of the smallest region is still determined primarily by the relative 
displacement between the exposures.
The idea of using standing waves of various periods to create complex geometries is 
explored further in Figure 10.4. Here, we have not used the displacement. Just changing 
the period as shown could also result in sub-diffraction-limited patterns. Note that in some 
cases, it might be easier to change the period rather than move the substrate relative to 
the illumination.
Figure 10.5 shows the proposed method in 2-dimensions (2D). In this specific example, 
we start with a simple checkerboard pattern of A  and B. This can be achieved by exposing 
the material to A2 illumination that has a checkerboard intensity distribution. In the next 
step, the substrate is displaced relative to the illumination in the X-direction (horizontal) 
by Dx. This results in narrow strips whose width in the X-direction is Px/2 -  Dx, where Px 
is the period of the checkerboard in the X-direction. Next, the sample is displaced relative 
to the illumination in the Y or vertical direction by Dy. This exposure results in narrow 
points of B, whose size is approximately given by (Px/2-Dx) X (Py/2-Dy). Note that in 
this example, the points are arranged in a hexagonal lattice.
Following the sequence of exposures illustrated in Figure 10.5, the hexagonal lattice of 
points in B form can be locked into the C form as shown in Figure 10.6. This is followed 
by a reset exposure that creates a region of B surrounding the previously locked C regions. 
The edges (in this example, the bottom and right edges) of the B regions must be chosen
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carefully as they define the locations of the next exposure points.
One of the key challenges in patterning with a node as is done in this approach is 
that the quality of the pattern is intimately linked to the darkness of the node. If there 
is noise in the node, then the image contrast suffers. This effect is illustrated in Figure
10.7 (a). As exposure time is increased, the region that is supposed to receive no exposure 
(corresponding to the node of the incident standing wave) actually receives some noise 
photons. This converts the material from B to A, creating a low-contrast image. If the 
exposure is performed long enough, it is possible to completely eliminate the chemical image 
as illustrated. One approach to mitigating this problem is to place the material on the 
surface of a transparent substrate (such as a quartz or glass slide). Then, if the exposures 
are conducted through the opposite side, even a low-contrast image may be developed to 
result in narrow topography, as illustrated in Figure 10.7 (b).
This problem of low contrast may be solved in a different manner as well. We can take 
a low-contrast image from Figure 10.7 (a) and expose it to a uniform beam at Ai for a short 
time such that one converts a very thin layer at the top surface to B as shown in Figure
10.8 (b). By following this exposure with an exposure to A2, it is possible to increase the 
contrast of the final chemical image. The same result may also be achieved by exposing 
both wavelengths simultaneously to the material as shown in Figures 10.8 (b) and (c). In 
Figure 10.8 (c), Ai is exposed as a standing wave whose phase is n shifted to that of A2. 
The principles in Figures 10.7 and 10.8 can be applied to all the above methods including 
those illustrated in Figures 10.1-10.6, where we introduce either a sequential exposure of A1 
followed by A2 or simultaneously use both wavelengths.
10.2 Systems for Implementing this Approach
Many different optical systems may be utilized to implement the proposed method. 
In one-dimension, many of the conventional interferometers will work well. Figure 10.9 
illustrates several possible options. In all cases, we need to utilize two wavelengths either 
sequentially or simultaneously. Figure 10.9 (a) shows a simple Mach-Zehnder configuration. 
Figure 10.9 (b) shows a Lloyds-mirror interferometer and Figure 10.9 (c) shows the same 
interferometer for both beams. The sample is mounted on a stage so as to be able to generate 
dense and arbitrary 1D geometries. Simple 2D geometries may also be achieved by adding 
a rotational stage and/or a 2D (X-Y) stage. Figure 10.9 shows two possible optical systems 
that can implement the method in 2D. The basic idea is to use a spatial-light modulator 
(SLM) to create patterns within the A2 beam either in transmission (a) or in reflection (b).
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When the patterns are required simultaneously as in Figure 10.8 (c), it is possible to use 
time-multiplexing and apply distinct patterns to the two beams (not shown). An imaging 
system (which could be a microscope objective, for instance) can focus all the patterns into 
a small region on the substrate as shown.
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Figure 10.1: POST general process. Top: Scheme of reactions for proposed approach. 




8. Lock B to  C




Figure 10.2: By shifting the standing wave, it is possible to reduce the size of the regions 







Figure 10.3: Creating patterns of various sizes.
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Figure 10.4: Varying the period of the standing wave without relative displacement can 
also result in sub-diffraction-limited features. In the bottom figures, the original standing 
wave is shown by a lighter red curve.
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Figure 10.5: Patterning 2D geometries.
1. Starting pattern 3. Reset exposure.
7. Exposure shifted in Y 8. Resulting pattern
Figure 10.6: Patterning dense features in 2D.
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Figure 10.7: Noisy node. (a) If the standing wave quality is poor, image contrast may be 
deteriorated. (b) This problem may be solved by exposing through the back of a glass slide. 
In the bottommost panel, the sample is developed to showcase the narrow topography.
(b) (c)
Figure 10.8: Low-contrast images. (a) By exposing the low-contrast image from Figure 
10.7(a) to a uniform illumination at Ai for a relatively short period of time, it is possible to 
increase the image contrast as shown. (b) The same result can be achieve by exposing both 
wavelengths simultaneously. (c) The Ai illumination may also be a standing wave whose 
phase is n shifted with respect to the A2 standing wave. In cases (b) and (c), the intensities 
of A1 and A2 must be chosen carefully based on the quantum efficiencies of the respective 
transformations.
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Figure 10.10: Possible optical systems that can implement the method in 2D.
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APPENDIX A
LABVIEW®: OPTICAL SHUTTER AND 
TRANSLATION STAGE CONTROLLER
CODE
Figure A.1: Shutter and Stage controller user interface.
X Position (um)
Figure A .2: Main shutter controller VI. This program is a large state machine.
X Position (um)
Figure A .3: Shutter controller VI to activate the shutter.
X Position (um)
Figure A .4: Shutter controller VI to pause the shutter.
X Position (um)
Figure A .5: Shutter controller VI to stop the shutter.
X Position (um)
Figure A .6: Stage translation controller VI to control the X-position.
X Position (um)




Figure B.1: Cylic voltammetry (CV) user interface.
Setup4.ctl - StartStream
1 // standard initialization:
2 using("device.labjack")
3 include("c:\Program Files (x86)\LabJack\Drivers\labjackud.h")
4 / / setup stream:
5 // set scan rate:
6 AddRequest(0, LJ_ioPUT_CONFIG, LJ_chSTREAM_SCAN_FREQUENCY, 1000, 0, 0)
7 // setup channels to stream:
8 AddRequest(0, LJ_ioCLEAR_STREAM_CHANNELS, 0, 0, 0, 0)
9 AddRequest(0, LJ_ioADD_STREAM_CHANNEL, 0, 0, 0, 0)
10 AddRequest(0, LJ_ioADD_STREAM_CHANNEL, 1, 0, 0, 0)




15 / / start the stream:
16 global scanrate = 0
17 eGet(0,LJ_ioSTART_STREAM, 0, @scanrate, 0)
18 // scanrate now has the actual scanrate, which you can display on the screen if you want.
Setup4.ctl - StopStream
1
2 ePut(0,LJ_ioSTOP_STREAM, 0, 0, 0)
Figure B.2: Streaming code for CV experiments.
APPENDIX C
ENGINEERING SCHEMATICS: HIGH 
VACUUM SYSTEM
SEE NOTE 3 BILL OF MATERIALS
PIN ASSIGNMENTS 
<6 INTLK 
<7 REM OFF 
<8 REM ON 
<9 SIG COM 
<22 OUTPUT DN 
<23 SETPDINT 
<25 LEVEL COM







D5 15455 SHOWED JUMPER SETTINGS FOR CURRENT METER 6-19-12 TDJ CAD
GRN-YEL/18 <3X)_
X"
TD GND STUDS AT 
. REAR, FRDNT AND 
TDP PANELS
1. APPLY IDENTIFICATION LABEL TO SIDE OF ENCLOSURE INCLUDING 
INFORMATION SHOWN.
2. REMOVE SHORTING LINKS AT RV/REF AND +RC/-RC AND JUMPER AS
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Figure C.3: 5MHz quartz crystal microbalance.
Figure C.4: Ambient liquid cooling system for QCM and turbopump.
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Figure C.5: LTE source assembly.
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Figure C.6: Evaporator source test mount
Figure C.7: Standoff for lcc LTE mounting.
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